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Foreword 





This quarterly review of reactor development has been prepared at the request of the 
Division of Technical Information of the U. S. Atomic Energy Commission. Its purpose 
is to assist interested organizations in the task of keeping abreast of new results in re- 
actor technology for civilian application. 

Power Reactor Technology contains reviews of selected recently published reports that 
are judged noteworthy, in the fields of power-reactor research and development, power- 
reactor applications, design practice, and operating experience. It is not meant to be a 
comprehensive abstract of all material published during the quarter, nor is it meant to 
be a treatise on any part of the subject. However, related articles are often treated to- 
gether to yield reviews having some breadth of scope, and from time to time background 
material is added to place recent developments in perspective. 

The intention is to cover the various areas of reactor development from the general 
viewpoint of the reactor designer rather than from the more detailed points of view of 
specialists in the individual areas. To whatever extent the coverage of Power Reactor 
Technology may occasionally overlap the fields of the other Technical Progress Reviews, 
the overlaps will be motivated by this objective of viewing current progress through the 
eyes of the reactor designer. 

A degree of critical appraisal and some interpretation of results are often necessary 
to define the significance of reported work. Any such appraisals or interpretations 
represent only the opinions of the reviewers and the editor of Power Reactor Technology, 
who are General Nuclear Engineering Corporation personnel. Readers are urged to con- 
sult the original references in order to obtain all the background of the work reported 
and to obtain the interpretation of the results given by the original authors. 


W.H. ZINN, President 
J. R. DIETRICH, Vice President and Editor 
General Nuclear Engineering Corporation 


Issued quarterly by the U. S. Atomic Energy Commission. Use of funds for printing this 
publication approved by the Director of the Bureau of the Budget on November 1, 1960. 
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A five-part handbook, “Guide to Nuclear Power 
Cost Evaluation,’ has been published by the 
Division of Technical Information, U.S. Atomic 
Energy Commission (AEC). The handbook was 
prepared by Kaiser Engineers Division of Henry 
J. Kaiser Co. under the direction of and in 
technical cooperation with AEC’s Division of 
Reactor Development. 

The guide, which was prepared primarily for 
AEC use, is intended to be a multipurpose tool 
in the preparation of and comparative evalua- 
tion of nuclear-power-plant cost estimates, It 
will also be useful for assuring the presentation 
of estimated costs according to a uniform clas- 
sification of cost accounts. Since it is expected 
to be useful outside the Commission, it has been 
published for general use; however, users are 
cautioned that it does not necessarily represent 
the official position of the AEC on all subjects. 

The Guide should prove useful inthe prepara- 
tion of cost estimates for most proposed nu- 
clear central-station plants. The authors ex- 
plain that its use in such an estimation should 
be a two-step process: 


1. Review of data in the Guide 
2. Application of the user’s engineering judg- 
ment to the results in step 1 


Since the Guide covers only five reactor con- 
cepts, the proportionate emphasis applied to 
steps 1 and 2 will vary with the reactor type 
under consideration. These reactor concepts 
are: 

1. Pressurized-Water Reactor 

2. Boiling-Water Reactor 

3. Organic-Moderated and -Cooled Reactor 

4, Sodium-Cooled Graphite-Moderated Re- 
actor 

5. Fast-Breeder Reactor 


Plants covered are in the range 70 to 360 
Mw(e). The cost material is compiled from 
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AEC reports, government regulations, and com- 
mercial publications issued between 1955 and 
1961. The majority of the publications cited 
are dated 1957 to 1959. Itis stated that revisions 
of the Guide are contemplated to include other 
reactor concepts and to take advantage of new 
cost data as they become available. 


To help the designer prepare a comprehensive 
cost estimate, the Guide provides a detailed 
checklist of all items reasonably expected to be 
needed for a nuclear central station. If this list 
is conscientiously filled in, item by item, one 
can be rather confident that all necessary items 
of cost for designing, building, and operating 
the plant have been considered. 


Most items listed are necessarily subject to 
interpretation. To reduce the amount of judg- 
ment required, a detailed explanation is in- 
cluded with the checklist for clarifying what the 
authors include in each account. However, the 
specific design being evaluated must still bethe 
determining factor in locating an item within 
the checklist. For example, concrete at a par- 
ticular location in the design may serve as both 
shield and structure; therefore there is no need 
to prorate the value between the shielding and 
structural accounts. 


As an aid to the checklist, the authors have 
drawn flow diagrams of each of the major re- 
actor plant systems required by the five reac~- 
tor concepts under consideration, Again the 
major value of these diagrams is as areminder 
of the general considerations required in esti- 
mating plant costs. The diagrams are not in- 
tended as design criteria. 


For applications in which it is not feasible to 
obtain more accurate costs for specific plant 
components, approximations for some major 
items are included in the Guide. These include 
specific suggestions for site criteria, catalog- 


1 
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like compilations of major components such as 
turbines and condensers, graphical representa- 
tions for costs of buildings and pressure ves- 
sels, cost-capacity data for certain other major 
equipment items, cost data for fuel cycles, and 
estimating factors for engineering costs, capital 
requirements, and contingencies, It is not pos- 
sible here to attempt to evaluate the degree of 
accuracy of these data, It might be suggested 
that the Guide would be more helpful if esti- 
mated ranges of variation were given in more 
cases and if the date of estimate were specified 
for the specific cost information. 

There are many ways in which a guide of this 
sort may be useful to the designer of nuclear 
plants. Inevitably the Guide will have limita- 
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tions, and the authors point them out. If their 
words of caution are observed and if the publi- 
cation is regarded literally as a “guide,” the 
benefits from its publication should be sub- 
stantial and the opportunities for its misuse 
should be minimized. 


Reference 


1, Kaiser Engineers Division, Henry J. Kaiser Co., 
Guide to Nuclear Power Cost Evaluation, Volumes 
1—5, USAEC Report TID-7025 as follows: Vol. 1, 
Reference Data and Standards; Vol. 2, Land, Im- 
provements, Buildings and Structures; Vol. 3, 
Equipment Costs; Vol. 4, Fuel Cycle Costs; and 
Vol. 5, Production Costs. 
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Critical and Exponential 
Experiments 


A series of critical mass experiments!” using 
plutonium nitrate solutions was initiated at the 
Hanford Critical Mass Laboratory during June 
of 1961. The critical assembly for this series 
of experiments is a 14-in.-diameter stainless- 
steel sphere with a 0.044-in. wall thickness, 
The control and safety rods are hollow tubes, 
mounted coaxially, which enter the vessel from 
above along the vertical axis, The control rod 
is a 1l-in.-diameter stainless-steel tube, and 
the safety rod is a 1.5-in.-diameter cadmium 
tube with stainless-steel cladding. 

References 1 and 2 contain the results of 
critical mass experiments through the first 
quarter of this year. Plutonium concentrations 
that ranged from 30 to 238 g/liter had acid 
molarities that varied from 1.1M to 5.5M. 
Multiplication and critical measurements were 
performed with the bare vessel and with the 
vessel reflected by one or more of the following: 
0.072 in. of stainless steel, 0.5 in. of paraffin, 
1 in. of paraffin, 4 in. of concrete, 10 in. of 
concrete, and 0.030 in. of cadmium backed with 
4 in. of concrete or 1 in. of paraffin. The 
critical volumes for cases in which the vessel 
was subcritical when full were determined by 
extrapolation of the multiplication curve. Re- 
flector savings were evaluated by correcting 
the critical volume for the effect of the vessel 
wall and then comparing equivalent spherical 
radii. For cases in which the vessel was 


critical when partially filled, the equivalent 
spherical radii were estimated on the basis of 
equal surface-to-volume ratios for equivalent 
systems, 

Experimental extrapolation distances for the 
Handbook of Nuclear Safety’ were obtained by 


comparing calculated material bucklings with 
geometric bucklings of critical systems. These 
extrapolation distances were then used to con- 
struct tables of critical and safe (i.e., Re; = 
0.95) dimensions of spheres, cylinders, and 
slabs. 

Reference 4 contains the results of an effort 
to improve the calculational scheme for the 
material bucklings of plutonium-H,O systems 
and to obtain some estimate of the degree of 
conservatism contained in the Handbook values. 
The calculational scheme makes use of the trans- 
port approximation in multigroup calculations of 
the material bucklings of infinite systems. These 
bucklings, together with average nuclear con- 
stants generated from solutions to the multigroup 
wave equation, were used in a two-group one- 
dimensional diffusion type calculation of the 
extrapolation distances for bare and water- 
reflected spheres, cylinders, and slabs. The 
use of the transport approximation in the 
multigroup calculation and the boundary condi- 
tions employed in the two-group calculation are 
discussed. Comparisons between calculation 
and experiment are given for bare and water- 
reflected spheres and for water-reflected cyl- 
inders containing plutonium nitrate solutions of 
varying concentrations; additional variables in- 
clude the Pu™° and nitrate concentrations. 
Calculated bucklings and extrapolation distances 
for nitrate-free systems with two concentrations 
of Pu™° are given for use in nuclear-safety 
calculations. Curves based onthe latter calcula- 
tions for homogeneous mixtures of Pu}*°0, and 
water are given to show critical and safe 
(k= 0.95) masses for bare and water-reflected 
spheres and critical and safe diameters and 
thicknesses of infinite cylinders and slabs, 
respectively, as functions of concentration. 
Values from the Handbook and results of DSN 
calculations for plutonium metal and water solu- 
tions are compared with the curves. 
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Reference 5 describes the present status of 
an IBM code developed to calculate lattice 
parameters for heavy-water systems and makes 
a comparison between calculated and experi- 
mental bucklings. This code calculates lattice 
parameters (i.e., 7, €, p, f, L’, T, k, and B’) for 
solid rods, hexagonal clusters, or concentric 
tubes of uranium metal or uranium oxide. In 
addition, the effects of temperature changes 
and void formation in the water may be evalu- 
ated. Provisions are made for admixtures of 
light water, up to a few percent, in the D,O 
moderator. The method of application of the 
code to lattices of tubular and rod-cluster ele- 
ments is discussed in detail. Calculated and 
measured bucklings are compared for single- 
rod assemblies, tubular assemblies, and metal 
and oxide clusters. The sources of experimental 
data consist of the following: Chalk River 
(Canada), Saclay (France), Stockholm (Sweden), 
North American Aviation, Inc., and Savannah 
River. Deviations between experimental and 
calculated results are discussed in terms of 
both random deviations in the measurements 
and systematic variations in the measurements 
and calculations. 

Reference 6 contains the results of two 
independent sets of measurements leading to an 
evaluation of the infinite-medium thermal-neu- 
tron multiplication factor, k., for hydrogen- 
moderated uranium enriched to 2 wt.% U5, 
The first set of measurements was carried out 
at the Physical Constants Testing Reactor 
(PCTR) at Hanford Atomic Products Operation, 
and the second at the Oak Ridge National Labo- 
ratory Critical Facility (ORNL). The same fuel 
was used in both laboratories (blocks contain- 
ing a homogeneous mixture of 92.1 wt.% UF, 
and 7.9 wt.% paraffin). 

An experimental determination of k,, in the 
PCTR is based (1) on the principle that no 
perturbation of an infinite critical homogeneous 
medium will result when any volume of the 
medium is replaced by a vacuum and (2) on 
certain assumptions concerning the neutron 
spectrum. The procedure employed atORNL was 
more conventional in that it was based on 
measurements of steady-state critical dimen- 
sions and the reactivity resulting from small 
buckling perturbations to a critical system. 
The values of k,, deduced from the data obtained 
at the PCTR and ORNL facilities are 1.216 + 
0.013 and 1.197 + 0.015, respectively. Additional 
results of the ORNL analyses include values 
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for the neutron age to thermal energy, critical 
buckling, bare extrapolation distance, and fast- 
fission factor. 

Experiments’ were performed in the PCTRto 
determine the limiting concentration (i.e., that 
for which &,, is unity) of plutonium nitrate and 
93% enriched UO,F, solutions, The test as- 
sembly, which consisted of a large annular 
buffer tank, the core tank, and two end buffer 
tanks, was inserted into the central cavity of 
the PCTR. The reactivities of several core 
tanks containing solutions of different concen- 
trations were compared with a void tank con- 
taining helium. The adequacy of the buffer 
region was established by the close agreement 
of the extrapolated results obtained with both a 
“thermal” and a “fast” flux entering the buffer 
region. The plutonium nitrate data were cor- 
rected for the Pu, Pu™!, and nitrate content 
of the solutions to give an extrapolated result 
of 8.1 + 0.03 g/liter as the limiting concentra- 
tion of a Pu®-H,O solution. The limiting con- 
centration for the UO,F, solution was 12.05+ 
0.03 g of U?* per liter; this may be compared 
to an Oak Ridge value of 12.1 g/liter. 

The results of an experiment to determine 
the fuel temperature coefficient of k. for 
plutonium-aluminum fuel are reported in Ref, 
8. The central cavity of the PCTR was loaded 
with a three-by-three array of 6.5-in.-square 
graphite lattice cells. Each cell contained a 
19-rod cluster of 1.8 wt.% low-exposure 
plutonium-aluminum rods, each '/ in, in diam- 
eter. The proper two-group spectrum (in the 
three-by-three lattice) and neutron multiplica- 
tion factor were obtained by fuel adjustments 
in the driver region and by copper poisoning 
of the plutonium-aluminum cells, respectively. 
The change in reactivity of the PCTR was 
measured as the temperature of the central 
cell in the plutonium-aluminum lattice varied 
from room temperature to approximately 400°C. 
Measurements were made with 1.88 wt.% low- 
exposure plutonium-aluminum, 2.07 wt.% high- 
exposure plutonium-aluminum, and dummy alu- 
minum rods in the test cell. 


Reactor Physics Constants 


Some recent compilations and new measure- 
ments of basic nuclear constants have been 
reported which are of importance in reactor 
analysis. Reference 9 lists sources of cross- 
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section data for 33 of the more common ele- 
ments and isotopes used in reactor design. 
This compilation was made in connection with 
data source tapes for the C-FINE computer 
program, used in the generation of multigroup 
constants. Also included in the reference is a 
brief résumé of the methods and auxiliary 
computer programs used to fill in gaps in the 
available data and to ensure a smooth connec- 
tion of data generated by different methods. 


The Reactor Physics Constants Center at 
Argonne National Laboratory has issued the 
second in a series of newsletters’ covering 
zero-temperature resonance-integral data for 
Th?) U8) Au'®’ and In'!5, The intermediate 
resonance (IR) approximation of Goldstein and 
Cohen!! is used in tabulating the resonance 
integrals for 54 resolved resonances of U?*® 
and for 49 resolved resonances of Th”? at 
several values of the moderator scattering 
cross section. A tabulation of the resolved 
resonance integrals for Au!®’ and In!!*, evalu- 
ated on the same basis, is also presented, The 
theory underlying the IR approximation, which 
is a combination of the usual narrow resonance 
(NR) and wide resonance (WR or NRIA) ap- 
proximations, is given in Ref. 11. 


The effective cross section of Pu’ has been 
measured” both in a thermal-neutron spectrum 
and in the pile spectrum of the DIMPLE Reac- 
tor, using a sample containing 91.5% Pu™°, 
From these two measurements, a cross section 
of 290+ 9 barns and a resonance integral of 
8200 + 1100 barns for a neutron velocity of 2200 
m/sec have been derived. This cross section is 
in good agreement with the previous value of 
286 + 7 barns (BNL-325, 2nd Ed. and Suppl.). 
The large error range for the resonance inte- 
gral is due primarily to uncertainty in the 
resonance self-shielding. However, by utilizing 
the known resonance parameters of the 1.05-ev 
resonance and by fitting a least-squares straight 
line to the experimental data for several Pu? 
concentrations, the authors obtained the follow- 
ing equation for the effective resonance integral 
of Pu’ mixed with a scattering medium: 


I’ = 8270 — 1,22 x 10° 
a oy 


where 0, is the potential scattering cross sec- 
tion (barns) per Pu’ atom. This equation is 


valid (within + 6%) over the range of concentra- 
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tions investigated (i.e., to an effective resonance 
integral as low as about 89% of the infinitely 
dilute value), 


The cross-section values of Pa”*! inthe range 


from 0.01 ev to 2 kev, measured with the fast 
chopper at the Materials Testing Reactor (MTR), 
are tabulated in Ref. 13. This isotope is im- 
portant in thorium fuel cycles since it is an 
intermediate in the production chain leading to 
U”*?| which, in turn, increases the difficulty of 
fuel handling because of the energetic gamma 
radiation emitted by its daughter isotopes. The 
thermal (2200 m/sec) cross section obtained by 
a linear least-squares fit in the low-energy 
region was evaluated at 211 + 2.2 barns. Refer- 
ence 14 presents further analyses of the experi- 
mental data, including a Breit-Wigner single- 
level fit and the derived resonance parameters 
of 24 resolved resonance peaks, These param- 
eters imply a resonance absorption integral 
(>0.1 ev) of 1650455 barns, of which 1395 
barns is attributable to the resolved reso- 
nances, Approximately 65% of the resonance 
integral is contributed by the large resonance 
at 0.396 ev. 


In the interest of providing the necessary cross 
sections to improve the calculated nuclear char- 
acteristics of polyethylene-moderated assem- 
blies, Ref. 15 presents experimentally derived 
transport cross sections of a chemically similar 
material, paraffin. These values were derived 
from measurements of the relaxation length of 
thermal neutrons in paraffin in the temperature 
range 60 to 130°C. Good agreement was ob- 
tained between the experimentally derived trans- 
port cross sections and those calculated by 
applying the scattering cross sections pertinent 
to paraffin'® in a prescription analogous to the 
familiar Radkowsky formula for water. Since 
the difference in total scattering cross sections 
of paraffin and polyethylene is small, implying 
that the chemical binding energy of hydrogen in 
the two materials is similar, the authors con- 
clude that the Radkowsky formula with poly- 
ethylene scattering cross sections will predict 
accurately the temperature-dependent transport 
cross section of polyethylene. 


In support of the Spectral Shift Control Reac- 
tor concept (SSCR), the age to indium reso- 
nance in H,O-D,O mixtures containing ThO, rods 
has been measured at a moderator-to-clad- 
ThO, volume ratio of 1.0. Reference 17 reports 
these values as follows: 
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D,O concentration, % Age, cm 
0 49.7 + 2.5 
49.77 67.4 + 3.5 
69.19 80.0 + 1.2 
79.19 97.6 + 3.4 
90.0 119.8 + 4.8 





The age was determined by using a beam from 
the thermal column of the Lynchburg Pool 
Reactor (LPR) to induce fission in an enriched 
disk of U™5 and by experimentally measuring 
the activation in cadmium-covered indium foils 
at varying distances from the source. The 
results of measurements made parallel and 
perpendicular to the ThO, rods were the same 
within the experimental uncertainty, which im- 
plies that no significant anisotropy existed. 
Since the scattering properties of the clad 
ThO, resemble those of many fuel elements 
ordinarily used in core design, these measure- 
ments may be considered as typical of fuel lat- 
tices moderated by D,O-H,O mixtures. 


Neutron Thermalization 
Experiments 


With the development of reactor design to 
encompass systems that are more heavily 
loaded with fuel and with the increasing im- 
portance of reactivity lifetime predictions in 
systems containing substantial quantities of the 
plutonium isotopes, the need for a fundamental 
understanding of neutron thermalization in the 
energy range below 1 ev has become increas- 
ingly important. Since a proper theoretical 
treatment of neutron thermalization in this 
energy range must include not only the effects 
of moderator mass and scattering amplitude but 
also effects dependent on the state of chemical 
binding of the moderator and the moderator 
temperature, the problem is a complex one, and 
rapid progress toward its solution is greatly 
facilitated by good experimental information. 
In the last few years, an increasing amount 
of experimental work has been devoted to 
this problem, and an experimental basis for 
understanding neutron thermalization below 1 
ev is being developed. Some of the present 
experimental programs are concerned with the 
systematic measurement of the differential- 
energy-change cross section a’0/(aE 8Q) for 
the common moderators at various moderator 
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temperatures and with measurements of the 
infinite-medium and spatially dependent neutron 
spectra in pure moderators as well as in 
moderators poisoned with varying amounts of 
1/v and resonance absorbers. Recent results of 
these types are described briefly in the follow- 
ing reviews. 


Scattering-Law Experiments 


Systematic programs initiated by Egelstaff of 
Harwell and Brugger of Phillips Petroleum to 
measure the slow-neutron differential-energy- 
change cross sections and angle-dependent in- 
elastic scattering cross sections of the im- 
portant moderators are currently in operation 
at the NRU Reactor, Chalk River,'*’® and the 
MTR at the National Reactor Testing Station in 
Idaho,”?:74 

If a beam of monoenergetic neutrons is 
directed at a sample of scattering material, 
the paths of the scattered neutrons will lie in 
some distribution in the angle Q relative to the 
incident beam, and the energies of the scattered 
neutrons will lie in some distribution in the 
energy variable, E. If one picks a specific en- 
ergy E; and a specific angle Q,, a cross section 
can be identified o(£,,92,) for the scatterer 
which expresses the probability that an incident 
neutron will be scattered into that angle with an 
energy E. Evidently, if o(£,9) is known for a 
given material, over the range of possible inci- 
dent neutron velocities, the basic informationis 
available for computing the transport and the 
energy distribution of neutrons in the material. 
The same information can also be expressed in 
a different way by giving the partial derivative 
of the scattering cross section, o, with respect 
to EandQ: 8%0/(9E aQ). 

In the programs at Chalk River and at the 
MTR, the conceptual experiments postulated 
above have been reduced to practice. A beam 
of neutrons extracted from the reactor is 
passed through a number of choppers, and a 
series of neutron bursts of well-defined energy 
E) is obtained. These neutrons are directed to 
the sample, and approximately 10% are scat- 
tered into multiple detectors arranged in a 
vertical plane around the sample. The scatter- 
ing angle 2 as well as the time of flight, and 
consequently the final energy E, are recorded 
on large multiparameter recorders. These data 
are corrected for background and detector ef- 
ficiency, and the standard deviation is computed 
for each energy interval and detector. In the 
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NRU experiments two methods for normalizing 
the data are used. In the first method the cor- 
rected counts are summed over allenergies and 
angles, and the result, K(1), is divided by the 
total scattering cross section 0, for the ma- 
terial. Subsequently the corrected counts in each 
energy interval in each detector are multiplied 
by o,/K(1). This method is inaccurate if the 
measured material does not have a sufficiently 
smooth angular distribution. The second method 
is based on measurement of the transmitted 
beam through the sample. The normalization 
factor is K(2)=1/(N,N Ad), where N, is the 
number of atoms per square centimeter of beam 
as determined from transmission measurements 
and the incident energy cross section of the 
material, N is the number of neutrons through 
the sample as determined by separate measure- 
ments with a vanadium sample, and Ad is the 
solid angle subtended by each detector. These 
measurements have been made at room tem- 
perature for graphite, light water, heavy water, 
beryllium oxide, and uranium dioxide, Addi- 
tional measurements!’ have been made at ele- 
vated temperatures for graphite (300 and 600°C), 
light water (150°C), heavy water (150°C), and 
uranium dioxide (450°C). Although different in 
details, the MTR instrument and the data- 
handling programs provide similar informa- 
tion. Results published include the organic- 
moderating terphenyls as a function of 
temperature,” methane as a function of tem- 
perature,”* and propane.” 

It has been found convenient, for several 
reasons, to express the results in terms of a 
“scattering law,” S(a,8). This function includes 
all the characteristics of the scattering dis- 
tribution which are dependent on the properties 
of the scattering material, and, for a given ma- 
terial, at a given temperature, it is a function 
of only the relative momentum transfer (a) and 
the relative energy transfer (8) in the collision. 
Specifically, S(a,8) is related to the experi- 
mentally determined quantity 0°o/(aE 8Q) by: 


; _4An yi 4) 370 
ences alls (E dE a 


where g, is the bound cross section of the 
principal scatterer. The expressions for alpha 
and beta are 





a= mlEo + E — 2(EyE)* cos Q] (1) 
MkT 
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where Ep, = the incident neutron energy, ev 
E = neutron energy after scattering, ev 
kT = sample temperature, ev 
m = neutron mass, amu 
M = mass of principal scatterer, amu 
= angle of detector with respect to 
direction of incident beam 


The general survey of scattering from H,O, 
D,O, and graphite has, to a large extent, been 
completed, The data have been reduced, and the 
results for H,O and D,O are compiled”’’”® in 
the form of measured cross sections and 
standard deviations listed in order of increas- 
ing energy and temperature for each angular 
detector position, Each set of cross sections for 
a given incident energy and temperature is 
followed by scattering-law tables listing alpha, 
beta, S(a,8), and the standard deviation. A 
fairly complete graphic compilation of inelastic- 
scattering-law data is given by Brugger.”" 


The advantages of the presentation of the 
measured scattering data 90’c/(9E a) in the 
form of a scattering law are: (1) a large num- 
ber of data can be presented in a compact 
form, (2) systematic experimental errors are 
more easily detected using this formulation, 
and (3) 8’0/(aE a2) can be generated at angles 
and energies other than those measured in the 
determination of S(a,8). The scattering-law 
formulation assumes additional importance in 
computer programs for the calculation of reactor 
spectra where the storage of sufficient infor- 
mation at a few initial neutron energies makes 
possible the generation of partial differential 
cross sections for many initial neutron ener- 
gies and angles. 


In the inversion of differential scattering 
cross-section data into the scattering-law for- 
mulation, data at different initial energies and 
scattering angles are intermixed so that the 
scattering law is experimentally overdetermined 
in certain regions. Since the general theory of 
the scattering law shows that S(a,8) is an even 
function, there should not be splitting of S(a,) 
into +8 and —8 branches for a given beta. 
However, because such systematic errors as 
incorrectly measured flight distances, time-of- 
flight measurement errors, incorrect back- 
ground, wrong sample temperature, or large 
multiple-scattering effects can cause the S(qa, 8) 
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curve to split, the data are checked for in- 
ternal consistency. In the experimental case 
each value of beta represents a definite time 
of flight, and the variation in alpha represents 
the angular variation in the occurrence of that 
flight time. 


Illustrations of the Scattering Law 


The calculated scattering law using the 
Krieger-Nelkin theory” for aperfect monatomic 
gas is given in Fig. II-1. For a perfect mona- 
tomic gas there is no explicit dependence of the 
scattering law on temperature or the mass of 
the gas molecule. The particular utility of the 
dimensionless parameters alpha and beta in 
this situation is seen in that data obtained under 
a variety of conditions are related to the same 
point on the scattering law. 
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Fig. II-1 Scattering law for a perfect gas.’ 
Figure II-2 shows the measured scattering 
law for graphite at room temperature. The ef- 
fect of structure can be seen at low values of 
beta, in the 0.2 and 0.4 range, where the spacing 
of adjacent curves is quite close. The closing 
up or overlapping of adjacent curves indicates 
that scattering is more likely in that range of 
beta, and hence the presence of energy levelsis 
shown. Reference 19 states that the fluctuations 
in Fig. II-2 agree fairly well with known data 
on crystalline planes in graphite. The upward 
trend in the curves in the range alpha = 0.5 
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Fig. II-2 Best lines through measured scattering law 
for room-temperature graphite’® (8 = 0.2 to B= 3.0). 


to 1.0 is consistent with the large structure 
factors for this range of alpha.!® The curves in 
Fig. Il-2 appear to be “cut off” at the ends; 
this is due to the limiting effects of simulta- 
neous momentum and energy conservation. Only 
part of the scattering law is accessible to con- 
venient neutron experiments; although alpha and 
beta are independent variables in the scatter- 
ing law, they are related in the dynamics of 
the scattering process. However, by judicious 
choice of incident neutron velocities, a large 
part of the scattering law can be obtained in a 
few runs, 

Figure II-3 illustrates the measured scatter- 
ing law for light water. The curves are similar 
to those of the perfect gas (Fig. II-1) (note 
change of alpha scale) because the water scat- 
tering is entirely incoherent; therefore structure 
effects are not noted. The neutron energies 
and sample temperature used were not in the 
range to excite energy levels such as those due 
to the O-—H bond. Although the curves are 
similar to those of a gas, their shapes do not 
correspond exactly to those which would char- 
acterize a gas having a well-defined mass. 
The insert in Fig. II-3 shows the measured 
scattering law for light water at beta = 2 when 
alpha is computed (Eq. 1) with VM = 4 instead of 
with M=1 as in the main part of the figure. 
The insert curve is compared with the cor- 
responding perfect-gas curve. It is seen that 
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Fig. II-3 Best lines!® through measured scattering 
law for room-temperature H,O. 


there is approximate agreement between the 
curves, Separate comparisons of this type at 
each value of beta would yield an equivalent 
gas mass for each value of beta. 

The most nearly complete theoretical in- 
terpretation of inelastic scattering has been ap- 
plied to methane;”* it has been concluded that a 
detailed account of the shape of the scattering 
law requires quantum mechanically discrete 
rotational levels at small scattering angles and 
consideration of interference between hydrogen 
atoms to account for the observed structure in 
the scattering-law curves. 


Interpretation of Scattering-Law Data 


The scattering law S(@,8) is composed of a 
“self-term” §,, which arises from neutron scat- 
tering from a single nucleus, and an interfer- 
ence term S,, which represents the interference 
wavelets scattered from several atoms. The 
interference term S, is generally small* and, 





*For many strongly coherent crystalline materials, 
notably graphite and beryllium, the Sg term is not ex- 
pected to be small, and the use of the 
proximation’’ is open to considerable question. 


‘‘incoherent ap- 
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in practice, is calculated and subtracted from 
S(a@,8) when values of S, are desired. The 
self-term S, is the double Fourier transform 
of the self-correlation functions of Van Hove” 
which represent the motion of an individual 
atom in the system as a gaussian distribution 
of atomic position plus correction terms. One 
objective of the analysis of the scattering law 
is to show that the contributions of these cor- 
rection terms to the scattering are negligible. 
If the correction terms are negligible, direct 
comparisons can be made of the experimental 
scattering law to calculated values of S obtained 
by using the perfect-gas model, the Debye 
model,*! Vineyard’s® diffusion models, and 
Nelkin’s*® water model. 

The correction terms to the gaussian distri- 
bution can be evaluated experimentally. The 
double-time differential of the time-dependent 
width of the gaussian distribution is the velocity 
correlation function for an atom in the system. 
Since the Fourier transform of the velocity 
correlation function can be determined from 
the experimental results as 


p(8) = B° [Ss'a-8)] a—0 


the self-part of the scattering canbe determined 
for all values of alpha and beta, By subtraction 
the correction terms can then be found. 


Application of Neutron Scattering Law 
to Spectrum Calculations 


The scattering law S(a,8) is simply related 
to the scattering kernel o(8,E£)) required for 
spectrum calculations: 

Op 


0(B, Eo) = 4 — oo J s(a,8) da 


Xp 


where the limits of a are given by 


1 
y Bm 2 \ 
7. = 2 
. -(5 + ap) =" 


and m is the neutron mass in amu and q) is 
E,m/MkT. The other symbols retain their 
previous definition, 


In the present methods of calculation of the 
reactor spectrum which assume isotropic scat- 
tering, the scattering kernel must be calculated 
for each value of beta from the measured 
scattering laws. However, when analytical meth- 
ods are extended to include the effects of non- 
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isotropic angular distributions, the scattering 
law may be used directly. 

Another approach to calculating the neutron 
spectrum is to use the measured scattering 
data in Corngold’s asymptotic solution of the 
neutron spectrum in an infinite homogeneous 
absorbing medium, The coefficients of the 
Corngold series are given in terms of the 
beta moments of the scattering law. When only 
the self-part of the scattering is considered, 
these moments are expressed directly in terms 
of p(8), and therefore it is possible to calculate 
the spectrum directly from experiment with a 
considerable reduction in labor and improve- 
ment in accuracy. 


106 
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Spectrum Measurements 


A combined experimental and theoretical 
program*® with primary emphasis on describing 
the neutron interaction with bound moderator 
atoms is being carried on at General Atomic 
under sponsorship of the AEC, In the infinite- 
media experiments, pulses of fast neutrons pro- 
vided by the Linac accelerator are thermalized 
in a cubical volume of the sample material, and 
a neutron beam is extracted from the sample. 
This beam is analyzed by time-of-flight tech- 
niques, and the shape of the thermal spectrum 
is determined. Spectra were measured in pure 
water and in water poisoned with varying 
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Fig. II-4 Neutron spectra in pure water and water poisoned with boric acid.*® 
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amounts of boron and other distinctive absorp- 
ing materials such as cadmium, samarium, 
erbium, and gadolinium, Pulse-spectrum meas- 
urements were also made in pure polyethylene, 
graphite, beryllium oxide, zirconium hydride, 
and in these materials when poisoned with 
boron. In addition, spatially dependent spectra 
were measured within and near the edges of 
boron-poisoned water slabs. 

As part of the program, a series of compari- 
sons has been made between measured and 
calculated spectra in infinite pure-water media 
and in water poisoned with various absorbers. 
Figure II-4 shows these measurements of the 
neutron spectrum in pure water and in water 
poisoned with boric acid. The calculations 
shown were made using the free-hydrogen 


model and Nelkin’s*® bound-hydrogen model for 
energies below 1 ev. An explicit asymptotic 
expansion using the formalism of Corngold™ 
was derived for the neutron flux above 1 ev for 
the cases containing 1/y absorption. All spectra 
are near the characteristic Maxwellian shape 
below the thermal peak. It is seen that the 
measurements on systems containing a 1/y 
absorber agree better with the predictions of 
the bound-hydrogen model than with those of 
the free-hydrogen model, These measurements 
were sufficiently precise to discriminate be- 
tween the two models, the discrepancy between 
the models being greater than the experimental 
errors by factors of 2 or 3. The spectrum 
measurements in pure water did not make a 
sensitive discrimination between the calcula- 
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Fig. II-5 Neutron spectra in water poisoned with cadmium sulfate.*5 
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tional models because the large neutron-leakage 
probability for pure water made the establish- 
ment of an infinite-medium spectrum impos- 
sible. 

Measured spectra in water solutions of cad- 
mium sulfate are compared with calculated 
spectra in Fig. II-5. At all concentrations 
measured, the bound-hydrogen model gave rea- 
sonable agreement with the measured spectra, 
whereas the poorer agreement of the free- 
hydrogen prediction is readily apparent. The 
best agreement of the Nelkin bound-hydrogen 
model was obtained at the largest cadmium con- 
centration, which indicated an overestimation of 
down-scattering in the Nelkin water kernel. It 
is thought that a small modification in the 
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energy-transfer kernel for water would im- 
prove the overall agreement. 

Similar studies on water poisoned with sa- 
marium chloride indicated the same general 
deficiency of the free-hydrogen model and, in 
addition, relatively poor agreement between the 
measured spectra and those calculated by the 
bound-hydrogen model. Possible reasons for 
the greater discrepancy are (1) that a true 
infinite-medium spectrum may not have been 
attained and (2) that uncertainties in the cross 
section of samarium may have been reflected 
in the calculations. 

Good agreement between measured spectra 
and bound-hydrogen calculations was obtained in 
the case of water poisoned with erbium chloride. 
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Of special significance was the capability of 
the Nelkin bound-hydrogen model to calculate 
the spectrum in the neighborhood of the erbium 
resonances at 0.5 ev, which implies that this 
model should also give good results in calcula- 
tions involving the 0.3-ev plutonium resonance. 

The thermal-neutron spectrum in polyethylene 
is of interest because polyethylene is frequently 
used in critical mockups. Figure II-6 compares 
polyethylene spectra measured at General 
Atomic*®® with calculations using Nelkin’s water 
kernel. It is seen that the calculation yields a 
softer spectrum than the measured spectrum 
because of the strong binding of the hydrogen 
atoms in the polyethylene molecule. 


Spatially Dependent Spectra 


Conventional reentrant tube techniques as 
well as a novel method of neutron-beam extrac- 
tion were used at General Atomic to measure 
spatially dependent flux spectra in “infinite” 
thermalizing slabs of water. The new technique 
involves penetrating the slab with a hole, along 
the thickness dimension, and placing an ideally 
incoherent nonabsorbing scatter (approximated 
by zirconium or lead) within the hole at the 
point of measurement, Thus all neutrons inci- 
dent on the scatterer are scattered with equal 
probability into the time-of-flight detection 
system collimated to view only the scatterer. 


The spectrum measurements were made in 
slabs of pure and 1/) poisoned water ranging 
from 2 to 8 in, thick. Calculations were made, 
in the case of the 4-in. slab poisoned with 
boric acid to 6 barns/hydrogen atom, by diffu- 
sion theory with a bound-hydrogen kernel and 
a fictitious D(£)B? to account for leakage and 
also by SLOP-1 (Ref. 36) and by a one-dimen- 
sional transport-theory code, THERMOS. 
Agreement to within 10% with measurement 
was found for each of the calculational meth- 
ods at the peak of the spatial neutron distribu- 
tion. When these techniques were applied to 
the calculation of the scalar and angular neu- 
tron spectra at a position 2'/, in. inside the 
edge of the 4-in. slab, some differences with 
experiment were found for the scalar fluxes, 
and, in addition, the angular or leakage spec- 
trum was found to be very poorly represented 
by the predictions of THERMOS, the discrep- 
ancy being as much as 50%. 


For spectrum measurements made at the 
center of the 4-in. pure-water slab, there was 
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significant disagreement with the results of 
diffusion theory, SLOP-1, and THERMOS, The 
analytical difficulties in pure water result from 
the lack of coincidence of the thermal- and 
fast-flux distribution; therefore two distribu- 
tions prevail in the presence of strong diffu- 
sion effects, 

More favorable agreement between theory 
and experiment was found for measurements 
on a 2-in. poisoned-water slab than for those 
on thicker slabs. The improvement is attributed 
to the finer mesh spacings possible inthe thinner 
slab calculations. It is felt that the present 
codes are not adequate for calculations on thick 
slabs and that integral transport-theory ap- 
proaches will have to be tried in place of the 
present differential transport-theory methods 
since the latter cannot be extended to finer 
spatial resolution without exceeding the limita- 
tions of the present computers. 
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The Fifth National Heat Transfer Conference 
and Exhibit was held in Houston, Tex., on 
Aug. 5—8, 1962. The meeting was sponsored 
jointly by the Heat Transfer Divisions of the 
American Society of Mechanical Engineers and 
the American Institute of Chemical Engineers. 
The conference papers are available individ- 
ually, but they have not been collected as a 
complete volume. Many of them will be published 
in the journals of the two sponsoring organiza- 
tions. The following review covers a number 
of the papers which are of interest in the nu- 
clear engineering field; where applicable other 
references are used to broaden the coverage 
of the particular subject. 


Subcooled Nucleate 
Boiling in 
Forced Convection 


Heat-transfer measurements ona long, small- 
diameter tube are described in Ref. 1. The 
test section was a 0.226-in.-ID by 10 ft 2 in.- 
long Inconel tube which gave an L/D of 540. 
The tube was heated by direct electrical con- 
duction. Pure water (from condensed steam) 
was pumped through the test section with an 
inlet subcooling of 0 to 130°F, at pressures of 
15 to 65 psia, at mass velocities up to 900,000 
Ib/(hr)(sq ft), and at Reynolds numbers from 
7000 to 40,000. 

Some interesting qualitative relations may be 
observed when one parameter is varied while 
the others are held constant. When the mass 
velocity and the pressure are held constant, 
the heat-transfer coefficient increases as the 
subcooling decreases. With constant pressure 
and subcooling, the heat-transfer coefficient 
increases as the mass velocity increases. 


The point of burnout was assumed to be 
reached when the wall temperature of the test 
section became unstable and fluctuated over a 
wide range. Burnout was reached with heat 
fluxes generally in the vicinity of 5000 to 
15,000 Btu/(hr)(sq ft). In reply to an oral ques- 
tion as to the reason for the very low burnout 
fluxes, the author stated that the temperature 
oscillations were brought on by a choking ef- 
fect in the long test section. 


Perhaps the most interesting result of the 
program is the heat-transfer correlation that 
was developed for the subcooled nucleate- 
boiling range:! 


(Nu), = 0.0011 (Re)!**? x (Pr)°4 


a 
. (ts) (2)"" 
L, L 
where Nu = Nusselt number 
Re = Reynolds number 
Pr = Prandtl number 
= dynamic viscosity 
D = diameter 


L = length 
a = arithmetic mean 
s = surface 


This correlation appears to be very useful 
at low heat-flux values, up to 15,000 Btu/ 
(hr)(sq ft). Extrapolation of the correlation to 
high heat fluxes probably is not warranted. 
This test is a good example of burnout caused 
by hydrodynamic instability in subcooled flow. 


Reference 2 contains a qualitative review 
and a quantitative study of the increase in 
pressure drop due to nucleate boiling in flow- 
ing subcooled water. The stainless-steel test 
section used for the experimental work was 30 
in. long and 0.416 in. in inside diameter, giving 


15 
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Fig. III-1 Pressure-dependent constants for empiri- 
cal equation.” 


an L/D of 72. The tube section was designed 
to simulate a PM-1 reactor fuel element, and 
it was heated by direct electrical conduction 
from a d-c power supply. Static pressure taps 
were located at 20% increments along the 
length of the test section. 

The following pressure-drop equation (in ratio 
form) is proposed in the paper:” 


iin =a + b(j) + c(Re) 


where a, b, c = pressure-dependent constants 
= single-phase isothermal pres- 
sure drop in a smooth tube 
f = local subcooled nucleate-boiling 
pressure drop 
j = local Stanton number x (Prandtl 
number) * 
Re = Reynolds number 


I iso 
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Figure III-1* gives the values of a, b, and cas 
functions of pressure, from 800 to 1600 psia, 
as determined by the experimental work. 

The theoretical approach to the problem 
embraces the assumption that local surface 
boiling affects the pressure drop in a manner 
similar to surface roughness, The experimental 
heat-transfer measurements were made inorder 
to determine the relation between j and f in 
local boiling. It is interesting to note qualita- 
tively that 7 increases as the subcooling de- 
creases, in agreement with the information 
from Ref. 1. Reference 2 also includes a re- 
view of bubble dynamics in nucleate boiling 
which covers the nucleation of a bubble, its 
growth, and its collapse. 


Boiling Burnout in 
Rod Bundles 


Most of the previous experimental work on 
forced-convection burnout has been performed 
with fluid flow through circular or rectangular 
tubes. The question of burnout in rod bundles 
is equally, or more, important in reactor tech- 
nology. References 3 and 4 contain experimental 
information on this question; the first reference 
treats water at 2000 psia, whereas the second 
reference is concerned with water at 30 psia. 

Reference 3 states that: “Tests are reported 
which show that pressure drop and DNB cor- 
relations developed with rectangular channels 
are applicable for flow parallel to rod bundles. 
These tests were conducted using d-c resistance 
heating with vertical upflow of water through a 
heated nine-rod prototype of the PWR blanket 
rod bundle at 2000 psia with inlet temperatures 
of 400 to 625°F, mass velocities from 0.7 to 
2.0 x 10° lb/(hr)(sq ft), at heat fluxes up to 
1.4 10° Btu/(hr)(sq ft). The heated test sec- 
tion comprised nine rods 0.413 in. OD x 13 in. 
long on a 0.468-in. square pitch having a uni- 
formly heated length of 9'/, in.” 

Reference 4 states that: “The effect of non- 
uniform heating, nonuniform spacing, and the 
presence of restrictions on burnout and the be- 
havior of two-phase flow in a rod type reactor 
fuel geometry has been investigated. Tests were 
conducted using electrically heated rods and 





*Figures III-1 to III-6 are reprinted here by per- 
mission from the American Society of Mechanical 
Engineers. 
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water at 30 psia. The results show that neither 
local power peaking of 17 per cent, nor dis- 
placement of a rod from its normal position by 
0.132 in., nor restriction of the flow by a plate 
type spacer had any adverse effect on burnout. 
On the contrary, the presence of the spacer 
improved the burnout characteristics.” 

The two burnout points reported in Ref. 3 
represent actual burnout of the test section 
since the test section was not instrumented 
with thermocouples to detect departure from 
nucleate boiling (DNB). Many other runs were 
made at values below burnout, which obviously 
established a “lower limit” for burnout, Figure 
IJI-2 shows a comparison® of the burnout heat 
flux for the rod bundle with the burnout heat flux 
for rectangular channels (Ref. 5). As noted in 
Fig. III-2, the two points of rod-bundle burnout 
agree well with the rectangular channel points. 
The rod-bundle nonburnout points (identified in 
the figure as “parallel-flow-rod scanning 
points”) plot just below the burnout points. In 
response to an oral question, one ofthe authors® 
replied that their experience indicated burnout 
to be reached with about 5% higher heat flux 
than DNB. 
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Fig. III-2 Burnout heat flux in rod bundles and rec- 
tangular channels.® O, parallel -flow-rod scanning 
point. @, parallel-flow-rod burnout point. A, 0.097- 


in. by l-in. by 6-in.-long rectangular-channel DNB 
point. O, 0.097-in. by 1l-in. by 12-in.-long rectangu- 
lar-channel DNB point. 
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The test section of Ref. 3 was instrumented 
to measure the static pressure at numerous 
points. The axial pressure gradient was meas- 
ured along the wall of the flow liner and also 
from end to end for several rods. The radial 
pressure gradient was measured at each end be- 
tween the rods and flow liner. Radial pressure 
gradients did exist, and they were functions of 
Operating and design conditions. The degree of 
flow redistribution as a result of the gradients 
is estimated and discussed.’ The axial pressure- 
drop measurements, with and without local 
boiling, compared very well with calculated 
values based on Ref. 6. 

The report states in conclusion that: “In the 
range of variables covered, the rectangular 
channel correlations... for pressure drop and 
DNB were found to be applicable for rod 
bundles. The detection of radial pressure gra- 
dients, which increased when boiling began, 
implied that flow redistribution occurred. How- 
ever, this redistribution had negligible effect 
on the burnout and axial pressure drop re- 
sults.” 


The heated rods discussed in Ref. 4 are 0.25 
in. in diameter, arranged in a square four-rod 
configuration. In one case the rods are spaced 
at 0.625 in. and are fitted in a 1.25-in.-square 
flow channel, In a more compact grouping, the 
same rods are spaced at 0.50 in. and are fitted 
in a 1.00-in.-square flow channel. A typical 
rod has a heated length of 8.5 in. The flow 
channels, which are made of pyrex glass, allow 
visual and photographic observation. In the 
burnout tests natural circulation was used 
through the loop. With the electric power held 
constant at some predetermined point, the 
water flow rate was gradually reduced by ad- 
justing an inlet valve. Burnout was determined 
visually by the operator as the point at which 
one or more of the rods reached red heat. By 
immediately shutting off the power, manually, 
when this point was reached, the operator couid 
prevent damage of the test section. 

Burnout generally occurred at the top end of 
the rod, where the steam quality was highest. 
With the wide-spaced test section, burnout was 
investigated over the following range of condi- 
tions: 

Pressure 30 psia 
4 to 12°F 
0.08 to 2.41 ft/sec 
0.02 to 0.30 


Subcooling at inlet 
Inlet velocity 
Exit quality 
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The results are shown in Fig. III-3 asa function 
of inlet velocity. They have been compared‘ with 
Eq. 15 of Ref. 7, which was derivedfrom experi- 
mental results on an annular test section: 


(q/A)y. = (400,000 + 4800 Atsun) x vp 


where (q/A),, is the burnout heat flux, Btu/(hr) 
(sq ft); Atsu, is the inlet subcooling, °F; and 
V») is the inlet velocity, ft/sec. This equation is 
plotted in Fig. III-3 for zero subcooling and for 
10°F subcooling. The experimental points gen- 
erally fall a little above the curve for 10°F 
subcooling. In consideration of the differences 
between the two test sections, the agreement 
was judged to be quite good.! According to the 
following equations, the experimental points also 
correlate well (+ 20%) with exit quality: 


(q/A),, = 121,000/x°-", when X < 0.082 


ll 


(q/A),, = 190,000/x°*"*, when X > 0.082 
where X is the exit quality. 

The test points in Fig. III-3 include data for 
two special situations: (1) the situation where 
one of the rods was operated at a power density 
17% higher than the average, and (2) the situa- 
tion where the hot rod was moved radially 
0.132 in. toward the corner of the flow liner. 
Neither of these two variations caused any 
discernible effect upon the burnout heat flux, 
The burnout values for the close-spaced test 
section were in reasonable agreement with the 
values shown for the wide-spaced test section. 
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Two types of restrictions were placed at the 
axial midpoint of the test section to observe 
what effect this might have on the burnout. 
Interestingly, there was no harmful effect, and 
in some cases the burnout heat flux was higher. 
In some cases burnout was reached in the lower 
part of the test section, which indicated that the 
restriction was suppressing burnout at the upper 
part, where burnout had normally occurred 
without the spacer. 

High-speed movies were taken of the test 
section during some of the tests to study the 
flow behavior. Reference 4 states that “most 
of the shots were under conditions of low inlet 
subcooling, approximately 10°F. Under these 
conditions bubbles collapse slowly, and the 
volume occupied by steam voids may be rela- 
tively large. The steam voids can be ‘seen’ 
only because of light refraction at interfaces 
between vapor and liquid... . Quite a bit can be 
learned about the qualitative character of the 
flow, however. It is swirling, surging, eddying. 
In the geometries which were investigated, no 
steam-channeling tendency is apparent.” 

Both the high-speed movies andthe pressure- 
drop results indicate that, even in the sub- 
cooled zone, there may be a significant void 
fraction in the channel before bulk boiling oc- 
curs, 


Burnout Correlation 


A generalized prediction of burnout heat flux 
for flowing, subcooled, wetting liquids is treated 
in Ref. 8. The reference formulates the burn- 
out heat flux as the sum of two terms, The 
author notes that additive types of correlations 
have been proposed by other investigators in 
the field of boiling heat transfer, but these cor- 
relations were different in detail and scope. In 
the additive approach of Ref, 8, there is a boil- 
ing contribution and a convective contribution 
to the heat flux at the burnout point, each 
independently formulated: 


sub 


Protal i tale) = hop (ty —ty oo 


boiling term convection term 


where 
og, a Ap " 
Psat = HSE. Pp, p° 


v 


is for pool boiling; 
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cu) p,, 25L, 


is a correction for subcooling; and 





h, = x'(£) x Re™ x Pr” 


is a relation of the Colburn type. 


In these four equations, the meanings of the 
symbols are as follows: 
Prota) = total heat flux at burnout 
d.ar = heat flux at burnout, in saturated fluid 
<u» = heat flux at burnout, in subcooled fluid 
h,» = heat-transfer coefficient, no boiling 
ty = wall temperature at burnout point 
t, = bulk temperature of fluid at burnout 
point 
K = 0.12 to 0.17, adjustable constant 
Ly = latent heat of vaporization of fluid 
p,, = density of vapor 
p, = density of liquid 
Ap oa P, = 2 
g = acceleration conversion constant 
a = local acceleration 
o = surface tension 
cy = Specific heat of liquid 
Alyy = Subcooling 
kK’ = 0.018 to 0.027, adjustable constant 
k = thermal conductivity 
D = hydraulic diameter 
Re = Reynolds number 
Pr = Prandtl number 
normally 0.8, adjustable constant 
n = normally 0.333, adjustable constant 


The formulation was used to compute analyt- 
ical values of the burnout heat flux, and these 
values were compared with 1263 experimental 
points. These points represented all the availa- 
ble experimental burnout data for flowing, 
wetting liquids in the absence of significant 
net vapor generation. In addition to water, the 
data include six fluids in axial, swirl, and 
cross flow, in tubular, annular, rectangular, 
and rod geometries. The flow conditions were 
within the following broad limits: 


Velocity 0.05 to 174 ft/sec 
Pressure 4.2 to 3000 psia 
Subcooling 0 to 506°F 
Acceleration 1 to 57,000 g 


Picea 100,000 to 37,400,000 Btu/(hr)(sq ft) 
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After deleting some of the experimental points 
that were determined to be unrepresentative, 
815 selected points were compared with the 
computed values. Of these, it is stated® that 
95% of the predictions agree with the experi- 
mental values within a maximum deviation of 
40%. The reference contains a discussion of 
the significance of, and the methods of handling, 
the adjustable constants K and kK’, and de- 
scribes the sources of data used for the various 
liquids treated. The paper cites some 90 ref- 
erences that constitute a useful bibliography 
on burnout and related subjects. 


Pool Boiling 


The heat-transfer characteristics of boiling 
organic fluids is of increasing interest in organic 
reactor technology. An experimental investiga- 
tion of this subject is given in Ref. 9. The 
objectives of the investigations were “(1) De- 
termination of the boiling heat transfer charac- 
teristics of organic coolants and the develop- 
ment of correlations to aid infeasibility analyses 
of organic-cooled and moderated reactors utiliz- 
ing nucleate boiling, (2) determination of the 
minimum critical heat flux for the coolants 
under consideration for organic reactors, and 
(3) determination of the effect of additives on 
boiling heat transfer and critical heat flux.” 
The experimental pool-boiling apparatus was 
operated in the pressure range 13.5 to 488.5 
psia. The heating surface was a 0.375-in.-OD 
horizontal tube. Measurements were made for 
nucleate boiling of benzene, diphenyl, and ben- 
zene-diphenyl mixtures. The data on critical 
heat flux at DNB for the pure fluids correlated 
reasonably well with some of the equations in 
the literature. For both pure fluids at 13.5psia, 
®png Was approximately 85,000 Btu/(hr)(sq ft). 
For benzene, @pvng increased as a function of 
pressure up to 300 psia, reaching a maximum 
of about 160,000 Btu/(hr)(sq ft), and began to 
decrease at higher pressures. The %pxzg of 
diphenyl also increased as pressure increased. 
The highest pressure investigated was 115 
psia. Mixtures of diphenyl and benzene were 
also investigated. For a mixture of 5% benzene 
and 95% diphenyl, operating at 13.5 psia, ¢,.,is 
approximately 155,000 Btu/(hr)(sq ft), 180% 
of the pure fluid values. Similar increases in 
png» When small amounts of volatile compo- 
nents are added, have been noted by other 
investigators; however, no generalized correla- 
tions have been advanced. 
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Reference 10 reports experiments on pool- 
boiling burnout in saturated water subject to 
rapid pressure decreases. The burnout heat 
flux in saturated water was first determined 
as a function of the steady-state pressure at 
pressures from atmospheric to about 75 psig. 
The burnout heat flux was found to increase by 
more than a factor of 2.5 over this range, 
The heating surface was a 0.001-in.-thick by 
0.75-in.-wide stainless-steel ribbon, oriented 
horizontally. For a typical transient test, the 
pool of degassed, deionized water in a closed 
pressure vessel was heated to the desired 
temperature by steam coils, and the condition 
of steady saturation pressure was established. 
The power to the steel ribbon was adjusted to 
give a heat flux slightly below the @pyg cor- 
responding to that saturation pressure. A quick- 
opening valve was then released which allowed 
the pressure to drop at arate of 5 to 10 psi/sec, 
and the pressure was recorded during the tran- 
sient until the heated ribbon actually burned 
out, It was found that, for a given heat flux, 
burnout occurred at lower pressures in the 
transient tests than in the steady-state tests. 
Alternatively, it may be considered that some 
time interval is required for the burnout process 
to occur after the pressure has fallen to the 
steady-state burnout value. By analysis of the 
experimental data, the time span from DNB to 
actual burnout was determined to be of the 
order of 1 sec. The authors conclude that? 
“It appears that the violent convective currents 
caused by bulk nucleation within the body of 
the liquid after pressure release tend to delay 
burnout past the point predicted by steady- 
state considerations.” 

The distribution of boiling sites on a smooth 
flat surface in pool boiling is discussed in 
Ref. 11. The author explains that many experi- 
menters have observed what is described in the 
literature as patchwise boiling, the apparent 
tendency of nucleation sites to cluster on the 
heat-transfer surface. The purpose of the study 
was to analyze the available data for the 
spatial distributions of boiling nucleation sites 
in order to determine whether they follow 
familiar statistical laws, The data did, in fact, 
fit a Poisson distribution quite well. By this 
approach it is possible to determine also the 
distribution of nearest-neighbor distances be- 
tween boiling sites. This statistical evidence 
tends to refute the idea of patchwise boiling as 
a distinct phenomenon and simultaneously throws 
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doubt on the validity of proposed theories to 
explain patchwise boiling. However, a reason- 
able confidence level in the Statistical con- 
clusion is yet to be established. 

An analytical analysis is presented in Ref. 12 
of two hydrodynamic transitions in nucleate 
pool boiling. When the heat flux is low, individ- 
ual bubbles are formed which float upward 
separately. As the heat flux is increased, the 
bubbles come into closer proximity, and, ata 
sufficiently high heat flux, they actually form 
a vertical vapor column. This transition re- 
sults in a change in the vapor-removal process 
from an intermittent process to a continuous 
one. The existence of the two regions is sup- 
ported by photographs taken by various investi- 
gators. The transition occurs well below the 
burnout point or second transition. The heat 
flux at which the transition from bubbles to 
columns occurs depends upon the number of 
active boiling sites and therefore depends upon 
the surface condition. The second transition or 
burnout point is apparently due to the lateral 
interaction of the vapor columns and the in- 
flowing liquid. As the surface heat flux is 
increased, a vapor generation rate is reached 
at which the spacing between columns becomes 
small. This leads to high relative velocities 
between the upflowing vapor and the down- 
flowing water and to instability. This type of 
instability is known in the literature as Taylor- 
Helmholtz hydrodynamic instability. When it 
occurs, the transition to film boiling has be- 
gun, and the burnout region has been reached. 
Since the transition is determined by this type 
of instability consideration, the burnout heat 
flux is essentially independent of local surface 
conditions. Two equations derived in Ref. 12 
predict, respectively, the heat flux for the first 
transition and the heat flux for burnout. The 
equations give reasonable agreement with ex- 
perimental results. 

Additional analytical work on the critical 
conditions in nucleate boiling is givenin Ref. 13. 
An equation is derived for the burnout condi- 
tion in an ideal system, and its application to 
various practical systems, including pool- 
boiling and forced-convection systems, is dis- 
cussed. 


Sodium Pool Boiling 


New experimental work is reported in Ref. 
14 on pool boiling in sodium. The boiling took 
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place in a 6-in.-long by 6-in.-diameter hori- 
zontal cylindrical boiler, partially filled with 
liquid sodium. The heating surface was a 3-in.- 
long by 0.375-in.-diameter rod, located axially 
in the boiler. 

The vapor flowed upward from the vapor space 
of the boiler into an air-cooled condenser, and 
the condensed liquid returned to the bottom of 
the boiler (by gravity flow). At a given heat 
load, the system pressure was controlled by 
changing the air flow rate over the condenser 
surface. External electric heaters were placed 
on all parts of the apparatus to minimize ex- 
ternal heat losses and to preheat the system 
prior to filling with sodium. 

The rod heaters were specially constructed 
for the project to obtain the high heat fluxes 
associated with boiling sodium. Nine thermo- 
couples were located in the boiler to measure 
the sodium pool temperature. The operational 
procedures were thoroughly checked and re- 
viewed to assure a negligible amount of sub- 
cooling. In the range tested the burnout heat 
flux decreased with decreasing pressure. The 
burnout tests were conducted with a fixed heat 
rate, and the saturation pressure was slowly 
reduced until the temperature of the cladding 
on the heater rod began to fluctuate because 
of the formation and collapse of vapor patches. 
In two instances the heater was burned out 
shortly after the fluctuations began. 

The results of the experimental investigation 
are discussed in the reference and are com- 
pared with previous information; the agreement 
is reasonably good. 

The nucleate-boiling heat-transfer results 
are correlated by the equation: 


q/A = 180 (At,,,)?** 


over the range of q/A from 100,000 to 1,000,000 
Btu/(hr)(sq ft). 

For pool-boiling burnout the following equa- 
tion is given: 


— % oo “hs 
q/A =0.144rp (Pr Pe) (S89) py—0.245 
p P, 





» 


where q/A = burnout heat flux, Btu/(hr)(sq ft) 
Al... = wall temperature— saturation tem- 
perature, °F 
Pr = Prandtl number 
p, = liquid density, Ib/cu ft 


' 
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p, = Vaper density, Ib/cu ft 

\ = heat of vaporization, Btu/Ib 

o = surface tension, lb(force)/ft 

g = local acceleration, ft/hr? 

g.= conversion factor, lb(mass)/Ib 


(force) x ft/hr* 


This equation was developed not only to 
correlate the test points but as a general cor- 
relation that also fits the results of pool boiling 
for water and several organic liquids. It yields 
a value of 1,900,000 Btu/(lr)(sq ft) for the burn- 
out heat flux of saturated sodium at 1 atm. 

All the experimental data in Ref. 14 were 
obtained at pool temperatures between 1200 and 
1500°F. The corresponding saturation pres- 
sures range from 1 to 8 psia. 


Swirl Flow 


“Swirl flow” is the descriptive term for 
fluid flow through a smooth tube containing a 
twisted tape. The presence of the twisted tape 
introduces the following changes: 

1. The flow path is longer. 

2. The free area is decreased, 

3. The fluid experiences anangular accelera- 
tion. 


A considerable amount of swirl-flow informa- 
tion has accrued from several organizations. 
Most of the information is on air, water, and 
ethylene glycol. Reference 15 gives a compila- 
tion of the data available through January 1962. 
The data cover both nonboiling and boiling 
regimes and include pressure-drop, heat-trans- 
fer, and burnout information. 

For nonboiling cases the heat-transfer char- 
acteristics are plotted in terms of the Nusselt- 
number ratio (swirl flow/axial flow) as a 
function of Reynolds number. The following 
equation is a good correlation of the water- 
heating data: 


(Nu), 
(Nu) 





= 2.43 (Gr/Re?”)°+%? 


a 


where (Nu), = Nusselt number in swirl flow 
(Nu), = Nusselt number in axial flow 
Gr = Grashof number 
Re = Reynolds number 


and all values are based on inside pipe diame- 
ter. 
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A more generalized correlation that is ap- 
plicable to all the swirl-flow heating data is 
also given in the reference. The Nusselt- 
number ratios are smaller for cooling than for 
heating, but the ratio is greater than unity. 
The reduction in ratio may be due to the tend- 
ency of the cooled higher-density fluid to re- 
main on the tube wall under the influence of 
the acceleration forces. 

A general correlation is presented for swirl- 
flow friction factors.'® The pressure drops are 
always larger than the corresponding axial-flow 
values owing to the higher velocity, longer 
flow path, greater frictional surface, and in- 
creased shear stress due to acceleration. 

In studies of swirl flow with boiling, the 
liquid-film superheat, A/,,, (wall temperature — 
saturation temperature), has been measured 
with water, and the results are comparable 
with axial-flow values when the swirl flow has 
a low centrifugal intensity. At a high centrifugal 
intensity, the results are scattered; the values 
of At,,, lie in a band that includes values from 
about one-half to two times the A/;. values 
predicted by axial-flow correlations. 

The burnout heat fluxes are higher with 
swirl flow than with axial flow. The reference 
shows data which indicate that the burnout heat 
flux in swirl flow may be as much as a factor 
of 2.5 times that in axial flow at the same 
value of pumping power. In general, the burn- 
out heat flux increases with the amount of 
swirl; the largest increases cited’ corre- 
sponded to values of (a,/g),, of about 6 x 10’, 
although substantial increases in burnout heat 
flux were observed at values of (a;/g), about a 
factor of 10 lower. The ratio (a,/g),, which 
indicates the centrifugal acceleration in non- 
dimensional terms, is given by: 


(a,/g)» = (K/D;)V_ /y) 


where D; = inside diameter of circular flow 

passage 

Va = axial component of flow velocity 

y = twist ratio = number of tube diame- 
ters per 180° twist of the internal 
Spiral ribbon 

K=a constant; its value is 1.845 if D; 
is in inches and V, is in ft/sec. 


The reference concludes that “a considerable 
amount of somewhat disconnected swirl-flow 
data exists. A uniform comparison of these 
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data clearly shows that heat-transfer rates in 
both the nonboiling and boiling regimes may be 
considerably augmented with no increase in 
pumping power by swirling the coolant.”!° 


Gas-Solid Mixtures 


Gas-solid mixtures have had some considera- 
tion as reactor coolants. Typical mixtures are 
helium loaded with solid particles with solid- 
to-gas mass ratios as high as 100. The particle 
size may range from submicron to 200 yu in 
diameter. The basic advantage of the mixture 
as a reactor coolant is the increase in heat 
capacity over that of the gas alone. 

Experimental work on this subject, which 
began several years ago, is described in Refs. 
16 and 17. In Ref. 16 nitrogen and helium were 
used as the gases and graphite particles as the 
solids, The graphite particles were nonuniform 
in size. The results indicated increases in the 
overall heat-transfer coefficient by as much as 
a factor of 6. 

Reference 18 reports measurements of heat- 
transfer coefficients for various gases with 
nonmetallic particles. A simple conduction 
model was used to compare these results with 
predicted values. 

Measurements of heat-transfer coefficients 
for air loaded with approximately spherical 
particles of lead and glass are reported in 
Ref. 19. To cover a wide range of specific 
heats and densities, lead and glass were chosen 
as the loading materials. The particles were 
used in two discrete sizes: 30 and 200 u. The 
solid-to-gas ratio was in the “lightly loaded” 
range, from 0 to 3, and Reynolds numbers of 
15,000 and 30,000 were investigated. The test 
section was a 0.710-in.-ID uniformly heated 
vertical tube which had a heated length of 
35.55 in. The local Nusselt number in Fig, 
IlI-4, at a point 46.4 diameters down the heated 
tube, is given as a function of the solid-to-gas 
mass ratio. The Nusselt number decreases for 
small additions of solid, and in several cases 
it reaches its lowest value when the mass ratio 
is in the range 1.0 to 2.0. Figure III-5 shows 
the local Nusselt number as a function of the 
axial distance down the tube for several mix- 
tures of the 30-u lead particles in air. The 
results of the glass particles agree well with 
those of the lead particles, 

The reference’? states that the major dif- 
ficulty encountered during the air-solids ex- 
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Fig. III-4 Nusselt number as a function of solid-to- 
gas mass ratio at 46.4 tube diameters from inlet.” 
Ws; is the mass flow rate of solids, and W is the mass 
flow rate of air. 
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Fig. I1I1-5 Local Nusselt number as a function of 
axial distance for mixtures of air and 30-y lead parti- 
cles.!® X is the axial distance from point at which 
heating begins, and D is the tube diameter. 
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periments was in maintaining a steady solid 
flow rate. Several runs were discarded be- 
cause this rate changed before all the thermo- 
couple readings were recorded. 


Analysis of Multipass 


Cores 


In the design of a pressurized-water reactor, 
the heat-removal capability is at a maximum 
when the outlet water temperature from all 
parts of the core is uniform. The following 
are advantages in having the exit water at a 
uniform temperature: 

1. The bulk water temperature from the 
reactor is equal to the maximum temperature 
allowed in the hot channel, 

2. For a given power capability, less water 
flow is required since the bulk temperature 
rise is the same as the maximum temperature 
rise. 


There are two ideal ways to attain this uni- 
formity: (1) provide a uniform radial power 
distribution or (2) provide continuously adjust- 
able orifices to each small subdivision of the 
core. However, neither approach may be prac- 
tical in a power reactor. 

In a typical reactor the ratio of the enthalpy 
rise (AH of hot channel/AH of average channel) 
may be 2.0 or more if no preferential coolant 
orificing is used. Normally the designer will 
use fixed orifices to reduce the enthalpy ratio 
to the range of about 1.3 to 1.5, Further 
reductions in the ratio can be achieved by using 
a multipass system with mixing between passes. 

Reference 20 is a study of multipass con- 
figurations for core 2 for the Shippingport 
plant. The analysis was made to estimate the 
advantages in heat-removal capability which 
might be gained by multipass core configura- 
tions. The report states that the effectiveness 
of the multipass system is dependent upon two 
fundamental core parameters: (1) the gross 
core power distribution and (2) the interpass 
mixing factor. If there is no mixing between the 
passes from one hot channel to the next hot 
channel, then there is no thermal advantage in 
multipass flow. The report states”? that the 
experimentally determined values for the hot 
channel-to-hot channel mixing ability in the 
interpass usually ranges from 0.8 to 1.0. 
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Figure III-6 illustrates the thermal improve- 
ment that is available as a function of the 
number of core passes, The improvement is 
characterized by the term “multipass core ef- 
fectiveness,” F,. This term is a measure of 
the heat-removal capacity of a multipass core 
relative to a one-pass core, using the hot- 
channel coolant enthalpy rise for comparative 
purposes, with the two cores operating at the 
same power output and the same flow input. 
Mathematically, 


1 pass core core 
F< (Hic) exit — H intet 
n (H,,. " pass core __ pycore 


exit inlet 





where H,. is the exit coolant enthalpy of the hot 
channel in Btu/Ib and Hinice is the inlet coolant 
enthalpy of the core in Btu/lb. Two curves are 
shown: (1) for an enthalpy ratio of 2.0 and (2) 
for an enthalpy ratio of 1.5. As might be ex- 
pected the curves rise very rapidly and then 
become asymptotic after several passes. A sub- 
stantial improvement is available for the second 
pass and for the third pass, but after that the 
improvement becomes small, 

The multipass core is behaving similar to a 
multipass heat exchanger, where there is com- 
plete mixing between each pass. Plotted in Fig. 
III-6 is the performance of a heat exchanger; 
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Fig. II-6 
core passes with complete mixing between passes. 
AH}, is the hot-channel enthalpy rise, Btu/lb, and 


AH,, is the average channel enthalpy rise, Btu/lb. 


Thermal improvement as a function of 
20, 21 
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this portion of the figure was taken from Fig. 
12 in Ref. 21. The figure shows the similarity 
between a multipass reactor core and a multi- 
pass heat exchanger. 
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1 Fuel Elements: Fabrication 


Power Reactor Technology 





Previous issues of Power Reactor Technology 


have discussed, briefly, the powder-compaction 
methods that are under development for the 
fabrication of UO, fuel elements. Basically these 
approaches consist of packing loose UO, powder 
into the metal fuel-element jackets by vibratory 
compaction, swaging, or extrusion or combina- 
tions of these methods. The mechanically com- 
pacted UO, body is not sintered before the ele- 
ment goes into service, but ordinary in-pile 
sintering will occur in service throughout all the 
oxide volume except that portion near.the cool 
jacket interface. The principal incentives for the 
development of the packed-powder methods of 
fabrication, as distinguished from the conven- 
tional sintered-pellet methods, are usually con- 
sidered to be (1) their promise for fabrication- 
cost reductions, (2) their greater adaptability to 
remote fabrication techniques, and (3) their 
greater adaptability (particularly in the case of 
the vibratory compaction) to the fabrication of 
fuel elements of complex shapes. Quite evidently 
there is no reason to assume that the operating 
characteristics of powder-compacted elements 
will be the same as those of sintered-pellet 
elements. Consequently the development of fab- 
rication techniques must go hand in hand with 
in-pile performance evaluations. This review 
summarizes briefly the information contained in 
a number of recent reports concerning fabrica- 
tion developments. Information on the perform- 
ance of the compacted-powder elements will be 
brought up to date in a subsequent issue. 


Although interest in packed-powder technology 
is comparatively recent, advances in the state 
of the art have progressed at a relatively rapid 
rate. This has been due in part to the general 
insight into fuel-element behavior, which has 
been gained from experience with sintered- 
pellet elements. The existence of the successful 
sintered-pellet technology has established a 
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by Powder Compaction 


number of technologic and economic standards 
which must be met or improved upon if wide- 
spread acceptance of the packed-powder con- 
cept is to be realized. 

Early work established that metal-jacketed 
UO, fuel elements could be produced by either 
swaging or vibratory compaction, although 
neither method gave preirradiation UO, den- 
sities that approached those attainable by cold- 
pressing and sintering. As a result of this and 
other factors not yet completely explained, the 
quantity of gas released from the packed-powder 
elements was observed to be considerably 
greater! than that released from the pressed and 
sintered material. An additional handicap was 
the meager amount of irradiation data available 
for the evaluation and prediction of in-reactor 
performance. The objectives of the more re- 
cently reported work have been to (1) improve 
existing techniques, (2) attain higher UO, den- 
sities, (3) establish the process limits neces- 
sary for the production of satisfactory elements, 
(4) investigate new methods, and (5) obtain sup- 
porting irradiation experience. 

The fabrication of UO, elements by the packed- 
powder method consists of three essential 
steps: (1) UO, powder preparation, (2) jacket 
loading, and (3) densification. The powder con- 
sists of a blend of high-density UO, particles 
of various sizes. In the earlier work the powder 
was manufactured by grinding pressed and 
sintered UO, of about 92 to 95% of the theoreti- 
cal density. Recently, UO, powder with particle 
densities that are near the theoretical density 
has been produced by high-energy forming, by 
electrodeposition, by fusion,”“ and by calcining 
and reducing either uranium peroxide or ura- 
nium diuranate.”’ At present, fused and ground 
UO, provides the highest “as-packed” density; 
it is therefore the most generally used starting 
material for the packed-powder programs. 
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Fused UO, is produced either by direct 
electric-arc heating or by the heat of recombina- 
tion of previously dissociated hydrogen. The 
direct arc-fusion method has the disadvantage 
of high material losses by vaporization. The 
extensive vaporization in the arc results from 
the increase in the electrical conductivity of UO, 
with temperature. The arc tends to concentrate 
upon the regions of highest temperature within 
the ingot, and therefore it causes overheating 
and vaporization in these regions, Heating by the 
recombination of hydrogen is a purely thermal- 
conductance phenomenon, and it produces a 
uniform melting of all exposed UO, without over- 
heating any particular fraction of the material. 
In this process”? UO, is continuously deposited 
on a water-cooled copper disk that rotates 
through a region of recombining hydrogen. The 
UO, is fused by the heat of recombination and 
is swept from the disk by a stationary baffle 
plate as the disk continues to rotate, The mix- 
ture is collected and separated into fused and 
nonfused fractions. The nonfused fraction is 
returned to the disk. The fused fraction, in the 
form of platelets approximately 0.1 in. thick, 
1 in. long, and 0.3 in. wide, is crushed to powder 
that is less than 0.06 in. in mean diameter. 
Fused material produced inthis manner exhibits 
an oxygen-to-uranium ratio between 1.98 and 
2.01. Contamination of tungsten occurs from 
the electrodes used to dissociate the hydrogen, 
but it appears to be limited to less than 100 ppm. 

Satisfactory UO, powder can also be produced 
by calcining and reducing uranium peroxide or 
ammonium diuranate, The uranium peroxide is 
precipitated from a uranyl nitrate solution 
treated with hydrogen peroxide at a pHof 2 to 3. 
Calcining is accomplished at 1000 to 1050°C, and 
reduction at 900 to 950°C. The powder has an 
oxygen-to-uranium ratio of less than 2.01 and 
a Brunauer-Emmett-Teller surface area of 
about 0.25 m?/g, Particles range from 1 to 10 u 
in size. Powder prepared from ammonium di- 
uranate consists of calcining at 700°C and re- 
ducing at 600°C to UO,. The product is further 
refined by annealing in hydrogen for 2 hr at 
1500°C. An oxygen-to-uranium ratio of 2.00 
can be attained. This material is often referred 
to as “high-fired UO,.” 

Reporting investigators generally agree that 
the particle size and the distribution of the 
various sizes in the working powder strongly 
influence the attainable as-packed density when 
vibratory-compaction techniques are used.’°~!3 
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Fig. IV-1 Density vs. compaction time for several 
particle-size formulations,”° 


The results of various methods of compaction 
using blends (or “formulations”) of powder 
containing from two to seven different particle- 
size groups have been reported. The particle 
sizes range from less than 0.0029 in, in mean 
diameter to about 0.132 in. in mean diameter. 
A seven-particle-size blend of fused UO, using 
particles in this size range produced as-packed 
densities of 90 to 91% of theoretical after 12 
min of vibratory compaction, and 93% of theo- 
retical density was attained after 24 min of com- 
paction.2° The effect of various particle-size 
blends upon density is shown in Fig, IV-1. 
A five-particle-size blend ranging in size from 
—6 to 24 mesh has yielded densities up to 93.4% 
of theoretical. 

The investigations reported in Ref, 2c also 
disclosed that a reduction in particle size 
occurred as a consequence of the vibratory- 
compaction process, This effect is shown in 
Fig, IV-2. As a result of this particle breakdown, 
there is a tendency toform anoptimum particle- 
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Fig. IV-2 Effect of compaction on change in particle 
size.*“ Cross-hatched areas, original particle-size 
distribution; solid lines, final particle-size distri- 
bution. 
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size distribution that is capable of attaining 
densities in excess of 90% of theoretical re- 
gardless of the initial size distribution, Although 
densities of up to 94% of theoretical are reported 
when specialized compaction techniques and 
seven-particle blends are used, economic con- 
siderations make it difficult to justify this ap- 
proach as a means to increase density. Con- 
sequently athree-grade particle blend containing 
a powder-size distribution of 50 to 65% coarse 
(>30 mesh), 10 to 35% medium (30 to100 mesh), 
and 15 to 30% fine (<100 mesh) is usually 
preferred. 

The effect of particle size and blending upon 
attainable densities when compaction is accom- 
plished by swaging techniques has also been 
investigated. Generally, powder sizes no greater 
than —3 mesh are used. Reference 2g reports a 
vibratory-loaded cold-swaged density of 93.5% 
of theoretical when using a blend in which this 
particle size was the maximum, The same 
reference reports a cold-swaged density of 95% 
of theoretical with a powder blend of about the 
same composition as the five-particle mixture 
described previously. Reference 20 reports hot- 
swaged (750°C) densities greater than 94% with 
a powder composed of particles ranging in mean 
diameter from no greater than 0.06 in, to less 
than 0.00036 in. Reference 2g also supports the 
findings of the vibratory-compaction studies 
with regard to the breakdown of coarse particles 
under compaction. Size reductions occurred 
during both the preswaging vibratory-loading 
step and the swaging process. The effect upon 
particle size of both the vibratory-loading and 
swaging steps is shown in Figs. IV-3 to IV-5. 

Densification by vibratory compaction has 
been accomplished mainly by either pneumatic 
or sonic electromechanical equipment. Gen- 
erally the pneumatic units cost less and produce 
higher accelerations (up to 35,000 g for high- 
impact machines). Conversely the electrome- 
chanical units can be controlled more precisely, 
although high-impact pneumatic units have been 
operated with both frequency and impact inde- 
pendently controlled. However, the 500-cpm 
(8.3 cps) frequency of vibration associated with 
the high-impact pneumatic units is low com- 
pared to the frequencies attained by pneumatic 
vibrators (about 100 cps) and electromechanical 
machines (as high as 3000 cps). 

A typical arrangement of the work and of the 
compaction equipment when pneumatic vibrators 
are used is described in Ref. 2c. Inthis instance 
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Fig. IV-3 Variation in particle-size distribution of 
fused UO, during cold swaging in a 2.54-cm-OD tube. 
Fine-powder blend (largest particle passes 20-mesh 
sieve). 


the jacket tube is slipped over the lower (impact) 
ram. The jacket tube is then filled with loose 
UO, powder, and the upper (frequency) ram is 
inserted into the remaining tube length. The 
upper ram is brought to bear against UO,, and a 
small static load is applied to the UO, and is 
maintained during the compaction process. Den- 
sification is obtained by operating both rams 
simultaneously so as to superimpose a high- 
energy shock load upon the existing static load. 
In some cases, only the lower ram is vibrated 
and the upper ram is only used to apply a static 
load to the powder. 


These same techniques can also be applied 
to jacket tubes having one end cap installed 
prior to UO, powder loading.”° This configura- 
tion permits the capped jacket tube to be loaded 
with powder prior to insertion inthe compaction 
equipment, and it reduces the time the vibratory- 
compaction equipment is used to that required 
for actual densification. The capped-tube alter- 
nate can be accommodated by replacing the 





cylindrical insert portion of the lower ram with 
a cup-shaped workpiece that has been fabricated 
to fit the shape of the capped tube. The tube end 
cap then becomes, in effect, the cylindrical 
insert during the compaction process. This 
technique has been used to produce average 
densities of 90% of theoretical in 5-ft-long by 
0.399-in.-diameter tubes when subjected to 
static loads of 250 to 300 lb and accelerations 
of 28,000 g for about 14 min. 

Electronic vibrational-compaction equipment 
has been used to produce both solid cylindrical 
rod type elements and tubular elements.’ Den- 
sities in excess of 90% of theoretical are re- 
ported for the rod type elements; tubular- 
element densities are generally 3 to 5% lower. 
Maximum density was obtained by sweeping the 
frequency range from 300 to 1500 cps at an 
acceleration level of about 30 g. Continuous 
frequency sweeping was found to be essential 
for attaining high density. Maintaining frequency 
at a resonant point for more than 2 or 3 sec 
resulted in particle segregation and an attendant 
nonrecoverable density loss. 

The technique used for compacting end-capped 
elements with the electronic vibrator differs 
from that used in conjunction with pneumatic 
equipment in that usually only a lower connection 
is used: no static load is impressed upon the 
powder during the densification process, densi- 
fication being accomplished by lower-end impact 
energy only. A typical compaction cycle using 
this equipment consists of filling the jacket with 
powder and accomplishing preliminary packing 
at a frequency of 200 cps and at an acceleration 
level of 5 to 10 g. After the initial rapid settling 
is terminated (in about 30 sec), the frequency is 
increased to 1000 cps and is swept rapidly be- 
tween 300 and 1500 cps, at accelerations varying 
from 30 to 80 g, until densification is accom- 
plished. The optimum acceleration has been 
found to depend on both the frequency of vibra- 
tion and the fuel-element resonances. 

Reductions in powder densities were observed 
whenever resonant frequencies were held for 
short periods of time. This is attributed to un- 
settling of the powder. Resonances in 4-ft-long 
elements, both tubular and of rod form, were 
encountered at 340, 580, and 1400 cps. Vibration 
concurrent with powder loading resulted in lower 
final densities than those obtained when the ele- 
ments were vibrated only after complete loading 
of the powder had been accomplished, The vari- 
ance of this result with observations made by 
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Fig. I1V-4 Variation in particle-size: distribution of 
fused UO, during cold swaging in a1.83-cm-OD tube 28 
Coarse-powder blend (largest particle passes 3-mesh 
sieve), 


other experimenters‘ may indicate that, in this 
regard, the fuel-element length determines the 
optimum loading technique. 


The shape of the input wave form and the 
jacket wall thickness were also observed to have 
an effect upon the attainable as-packed density. 
A chopped sine input generally produced the 
highest density in the shortest time (3 to 10 
min of compaction), and jacket wall thicknesses 
of 0.010 to 0.014 in. were found to be more 
favorable for high density than thicknesses of 
either 0.020 or 0.007 in. Although this effect is 
not understood, it is probably related to varia- 
tions in the modes of lateral vibration of the 
tubes, 


The application of ultrasonic vibration tech- 
niques to the loading of metal-jacketed rod type 
UO, fuel elements is reported in Ref. 5. The 
method is reported to be “... superior to both 
low frequency vibrating compaction and cold 
pressing as well as to have certain advantages 
over the sintered pellet process.” When fused 





Vol. 6, No. 1 


UO, powder was used, the maximum density 
obtained was 92.3% of theoretical. When a 50—50 
mixture of ground and fused UO, and “ceramic- 
grade” UO, powder was used, a maximum density 
of only 84.7% of theoretical was obtained. Ultra- 
sonic compaction of pellet-grade ThO,— 3.4 wt.% 
UO, produced a maximum density of 91.9% of 
theoretical. A slight increase (91.1 te 91.4%) in 
the density of previously vibratory-compacted 
UO, was attained when the compact was subjected 
to additional ultrasonic compaction. 


Further information on the use of ultrasonic 
vibration techniques for both hot and cold com- 
paction of ceramic materials other than UO, or 
ThO, is presented in Refs. 6 and 7. Although the 
effects upon nuclear fuel materials were not in- 
vestigated, this work may have some application 
to UO, fuel-element technology. 


The fabrication of packed-powder UO, fuel 
by swaging was among the first of the powder 
techniques investigated. Basically the process 
consists of preloading a capped tube with UO, 
powder, tamping or packing to minimum volume, 
closing the remaining open end, and swaging the 
closed UO,-filled tube to maximum density 
without destroying the jacket-tube integrity. 
Following swaging, the tube is trimmed to 
length, and permanent end closure are made, 
Variations of this basic process have been used 
for all swaging work reported up to the present 
time. 


The most important variables affecting density 
and product integrity appear to be (1) the char- 
acteristics of the UO, powder, (2) the swaging 
temperature, (3) the jacket material, and (4) the 
reduction in area. When compaction is to be 
accomplished by swaging only, the highest 
densities (above 90% of theoretical) are obtained 
using coarse powder (about —3 mesh) of high 
tap density. However, the probability and sever- 
ity of jacket damage is greater for large-particle 
powder blends than for small-particle blends. 


The effects of swaging temperatures are of 
similar complexity in that the benefits to den- 
sity, as temperature is increased, are offset 
by the decrease in strength of the jacket mate- 
rials. This follows from the circumstance that 
densification during the swaging process is a 
function of the ability of the jacket to restrain 
the UO,, at least at temperatures below the 
sintering point. Since, for the jacket materials 
of interest, the ability of the jacket to restrain 
the UO, is reduced importantly at elevated 
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Fig. IV-5 Variation in particle-size distribution of 
fused UO, vibratory-hammered and cold-swaged in- 
side a 1.83-cm-OD tube.” Medium-powder blend 
(largest particle passes 6-mesh sieve). 


temperatures, only modest increases in UO, 
density are obtained by hot swaging. 

The effect of reduction in area upon density 
varies with the type of powder used as well as 
with the particle-size blend, Fused UO, appears 
to attain its maximum density between 40 and 
50% reduction in area. The densities of high- 
fired and peroxide-based UO, continue to in- 
crease at area reductions as high as 58%, al- 
though they remain lower than the densities of 
fused material at comparable reductions inarea. 
However, high density attained by large reduc- 
tions in area is usually accomplished at the 
expense of jacket integrity. 

The production of packed-powder fuel by 
swaging only is reported in Refs. 2b, 2h, 2i, 
and 8. In Ref. 2b a representative process is 
described which consists of filling 0.7-in.- 
diameter stainless-steel tubes, which have walls 
that are 0.06 to 0.008 in. thick, with fused UO, 
powder and tamping until a density in the range 
of 70 to 75% of theoretical is reached. After 
complete filling the tubes are evacuated, back- 
filled with argon, and both ends are welded shut. 
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The loaded tubes are then reduced in cross- 
sectional area on a rotary, four-die swaging 
machine until the maximum density is obtained, 
When all swaging was accomplished cold, a 
cross-sectional area reduction of 30% or more 
was required to produce densities of about 92% 
of theoretical. However, when an initial cold 
reduction of 20 to 30% was followed by a hot 
(750°C) reduction of another 20 to 30%, densi- 
ties in excess of 94% of theoretical were obtained 
without extreme damage to the jacket. In the 
process described,’* the elements were pre- 
pared for the hot-swaging step by heating in an 
argon-atmosphere furnace, 

The reference also states that successful 
swaging of uranium peroxide powder and “high- 
fired” powder can be accomplished using pre- 
swaging densities of only 50 to 55% of theoreti- 
cal. However, 60% reductions in area are 
required. These reductions produce hot-swaged 
densities in the range of 90% of theoretical 
with peroxide-based powder and 87% of theoreti- 
cal with high-fired powder, 

Reference 8 summarizes work done on the 
fabrication of tubular, stainless-steel-jacketed 
UO, elements by swaging techniques. The ele- 
ments produced were 2.138 in. in outside diam- 
eter, 1.458 in. in inside diameter, and rangedin 
length from 5 to 10 ft. The walls of the inner 
and outer jacket tubes, which were made of type 
304 stainless steel, were approximately 0.02 in. 
thick. The fuel material used was arc-fused 
UO,. The elements were swaged on a rotary 
four-die machine that impacted upon the outer 
jacket tube. The inner jacket tube was supported 
by a reusable steel mandrel that was withdrawn 
from the tube after the swaging operation. The 
production process is outlined in Fig. IV-6. The 
effects of the swaging operation on UO, density, 
jacket elongation, and jacket thickness are given 
in Fig. IV-7 as functions of reduction in tube 
area. 

As shown in the figure, a 43% reduction in 
area produced UO, densities of 91% of theoreti- 
cal. Ten tubes fabricated by the process for 
irradiation tests averaged 88.5 + 0.5% of theo- 
retical density. The average oxygen-to-uranium 
ratio for all 10 tubes, analyzed by the ignition 
of UO, to U3;0,, was 2.019 + 0.005. The results 
of the dimensional inspections of these tubes 
are given in Table IV-1. The reference states 
that, in general, the external appearance of the 
specimens was good, However, extensive inden- 
tation of the inner surfaces of the jacket tubes 
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by the UO, was noted. Individual indentations as 
deep as 0.005 in. were observed in both jackets, 


In summary, the “swaging only” experience 
has shown that densities in excess of 91% of 
theoretical can be attained using coarse-powder 
blends of fused UO,, either stainless-steel or 
Zircaloy-2 jacketing materials, and area re- 
ductions in the range of 30 to 40%. Slightly 
higher densities (about 95% of theoretical den- 
sity) can be obtained if swaging is done at 
elevated temperatures or at 40% or greater re- 
ductions in area. However, the probability of 
jacket damage increases with either process 
temperature or area reduction. 

The need to eliminate jacket damage and the 
hope of obtaining a slight decrease in cost have 
given impetus to a compaction process utilizing 
both vibratory techniques and swaging.?#/—! 
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This approach is predicated upon the observa- 
tions that 85 to 88% of theoretical density can 
be attained rather easily and quickly by vibra- 
tory compaction and that the majority of the 
jacket damage appears to result from large 
reductions in area, Therefore, if Swaging is 
preceded by a vibratory-compaction step yield- 
ing the above density, it seems possible that a 
single swaging pass producing about a 20% re- 
duction in area will give the desired final density 
of more than 91% of theoretical with little or no 
damage to the jacket. 


A typical combination process is describedin 
Ref, 27. In these experiments type 304 stainless- 
steel tubes, which were 0.516 in. to 0.539 in. in 
outside diameter, approximately 4.5 ft long, and 
which had a nominal wall thickness of 0.028 in., 
were reduced to 0.500 in. in outside diameter. 
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Process flow sheet for swaged UO, tubes clad in stainless steel.® 
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Fig. IV-7 Swaging behavior of tubes.® Fused UO, 
core. 


Densities in excess of 90% of theoretical were 
attained. The as-received tubes were loaded with 
either a four-particle-size or three-particle- 
size blend of fused UO,. The former were 
vibrated to 88% of theoretical density on stand- 
ard vibratory-compaction machines, The tubes 
containing three-particle blends were compacted 
for 15 to 20 sec to about 85% of theoretical 
density on a small portable vibrator. The tubes 
were then reduced in cross section from 5 to 
15% by cold swaging. The densities obtained are 
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shown in Fig. IV-8. These densities are typical 
of all the referenced reports. The samples pre- 
swaged to 85%of theoretical density yielded about 
the same swaged density as the 88% samples. 


The reports indicate that preswaging com- 
paction may be accomplished by (1) pneumatic 
vibratory compaction, with or without a static 
load, (2) impact compaction, or (3) a combination 
of impact and vibration (vibratory hammering).? 
The vibratory-hammering process yielded the 
highest densities and also had the added ad- 
vantage of producing the previously mentioned 
blend refinement by fracturing the large par- 
ticles into finer sizes.”* This refinement miti- 
gates to a large extent the need for the more 
expensive small-size blends. Swaging can be 
done on either a rotary two-die or four-die 
machine. However, the four-die machine is 
generally considered to give better results, and 
it is preferred, particularly if the jacket tubes 
have thin walls.?° 


The extrusion techniques for fabrication of 
UO,, reported in Refs. 9a and 90, are, in actu- 
ality, alternate methods of producing pressed 
and sintered material. However, they offer the 
attraction that considerably longer compacts 
can be made per pass through the dies. Con- 
sequently fewer compacts are needed to produce 
a given fuel loading, and the handling costs asso- 
ciated with the UO, are minimized. An addi- 
tional advantage claimed for the process, which 
is a result of the absence of voids created by 
the nonperpendicularity of abutting compact end 
faces, compact edge chipping, and other surface 
defects is better utilization of the available fuel 
volume within the jacket tube. It is also re- 
ported that, with sufficient ball milling to pro- 
duce particle sizes of about 1 yu, almost any type 
of urania may be used.°*° 


Table IV-1 DIMENSIONS OF 10 TYPE 304 STAINLESS-STEEL-CLAD UO, TUBES® 








Confidence No. of 

Dimension, in. Average Maximum Minimum limits* measurements 
Outer diameter 2.138 2.142 2.131 +0.005 100 
Inner diameter 1.458 1.461 1.453 +0.003 100 
Eccentricity 0.009 0.015 0.001 + 0.007 20 
Wall thickness 0.339 0.354 0.320 +0.014 160 
Bow, single throw 0.007 0.015 0.003 20 
Cladding thickness:f 

Outer 0.021 0.022 0.018 +0.002 160 

Inner 0.017 0.018 0.015 +0.002 160 





*These are 20 limits that include 95% of the data. 
ft Micrometer measurements. 
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Fig. IV-8 Variation in UO, density and elongation 
with reduction in area,” 


The basic steps in the process consist of 
powder preparation, extrusion, sintering, and 
finishing. The powder is prepared by ball mill- 
ing in the presence of binders and die lubricants 
in a manner quite similar to the methods used 
for pressed and sintered pellet compacts. Ball 
milling produces the small-particle size andthe 
intimate mixing of UO,, binder, and lubricant, 
which are necessary to attain a high density and 
an acceptable surface. The binder is used to 
preserve the shape of the green compacts during 
presintering handling and sintering. Lubricants 
are incorporated to reduce die wear and to 
eliminate “chattering” and consequent loss of 
surface finish as the extrusion passes through 
the die. 

The most effective binders are reported tobe 
dragant gum** or methylcellulose.” The pre- 
ferred lubricants are urea’* or ammonium 
alginate.” The addition of titanium oxide in 
concentrations of at least 0.20 wt.% is reported 
to be beneficial to densification.®” However, the 
high neutron-absorption cross section of TiO, 
is disadvantageous from the standpoint of reac- 
tor neutron economy. 

Cold extrusion is used, through hardened 
steel or carbide dies, at pressures in the range 
of 24 tons/sq in. Green compacts are produced 
which have densities ranging from 3 to 6g/cm’, 
The reported experience indicates that the 
plasticity of the UO., the die angle, and the 
ratio of die cylindrical length to die diameter 
are important parameters.** Splitting of the 
extrusion occurs” if the die length-to-diameter 
ratio falls outside the range of 5to7. A 120° die 
angle and a very plastic paste extruded under 
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high pressure produce an extrusion that exhibits 
a sintered density in excess of 90% of theoreti- 
cal.°* Flow through the die was also investi- 
gated to determine if irregularities such as 
mixing occurred. None were found.** 


Prior to sintering the green extrusions are 
cut to length and are dried at low temperatures 
(up to 130°F) to reduce the content of moisture 
and other volatiles. Sintering is accomplished 
in an atmosphere of cracked ammonia at tem- 
peratures up to 3100°F. The effect of sintering 
temperature upon density®® is given in Table 
IV-2. However, different sintering methods and 
temperature schedules are used at different 
laboratories. Reference 9a gives an elaborate 
procedure involving slow heatup (50°C/hr) to 
800°C, holding for 2 hr at this temperature, fol- 
lowed by an increase (at 65°C/hr) to 1650°C and 
cooling for three days. On the other hand, in 
the procedure of Ref. 9), the extrusions travel 
through a tunnel furnace, heated to 2900°F, at 
the rate of 0.1 in./min for a period of time not 
to exceed 90 min. The reference further states 
that a density decrease is observed if the 90- 
min sintering time is exceeded. The addition of 
the TiO, densifier reported in Ref. 9b may be 
the basis for the difference of procedure. Vari- 
ous positions and methods of suspension of the 
extruded rods were studied during the sintering 
operation, and the smallest bending type defor- 
mations obtained were less than 0.02 in. 


The sintered extrusions are finished by grind- 
ing the diameter to the required dimensions and 
the ends to the required perpendicularity. Both 
centered and centerless grinding have been used, 


Table IV-2 DENSITIES OF SINTERED 
6-IN. EXTRUSIONS*>95 





Sintered density, g/cm’, for the 


, indicated sintering temperature 
Urania 


Batch vendor 





2700°F 2800°F 2875°F 3000°F 3110°F 





100 D 10.00 10.28 10.57f 10.49 10.47 
101 D 9.14 9.38 9.95 10.00 10.28 
102 D 10.02 10.47 10.33 10.34 10.32 
107 B 9.76 9.90 10.10 10.17 10.22 
113 B 9.62 10.02 10.15 10.20 10.23 





*Each value in the table is computed from the averages 
of five separate sets of measurements of the dimensions 
and weight of a single specimen typical of all extrusions in 
the same batch. 

+The corresponding density determined by the water- 
displacement method is 10.55 g/cm’; this value is also the 
average of five separate measurements, 
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depending upon the length of the extrusion. Rods 
as long as 10 in. have been mounted in a hori- 
zontal lathe and surface ground to remove as 
much as a 0.12-in. bow.*” Experience indicates 
that 10 to 20% of the UO, can be removed from 
the as-sintered extrusion in producing the sized 
and finished compact ready for loading. This 
material is recycled to the extrusion process, 
and it apparently presents no problem. Powder 
blends containing up to 30% of sintered and 
ground recycle material have been made with- 
out causing deterioration of the sintered 
densities.°% 

The reported extrusion methods have pro- 
duced solid cylindrical rods of UO, up to 12 in, 
long and 0.471 in. in diameter. The as-sintered 
rods exhibited a total indicated reading within 
about +0.002 in. of the nominal dimensions.’ 
Cored cylindrical rods and tubes, 0.6 in. inout- 
side diameter, 0.4 in. in inside diameter, and 
10 in. long, have also been produced, As-sintered 
densities have exceeded 95% of theoretical with- 
out additives and 97% of theoretical when TiO, 
was used to aid densification. Comparisons of 
the physical and chemical properties of pressed 
and sintered compacts and extruded compacts 
indicate the extruded material to be at least 
the equivalent of the pressed and sintered 
product.**~° It is reported that the extruded 
material exhibits greater thermal-shock re- 
sistance, less open porosity, higher thermal 
conductivity, more uniform microstructure, and 
better as-sintered surface finish than the 
pressed and sintered UO,. Preliminary work 
on ThO,-UO, is reported to be yielding similarly 
promising results,” 

A variation of the extrusion technique for the 
preparation of packed-powder fuel elements is 
a hot coextrusion method!” that offers the possi- 
bility of producing a metal-jacketed UO, rod 
in one operation. This process consists of forcing 
a composite extrusion billet, composed of the 
extrusion container, stainless-steel jacket ma- 
terial, and UO, powder, through an appropriately 
shaped extrusion die. Although sintered and 
ground UO, was used for the experiments, it is 
believed that almost any ground UO, powder 
may be utilized. 

Matching of the dissimilar extrusion charac- 
teristics of the billet components is basic tothe 
process; it requires that the three components 
be heated to different temperatures. This was 
accomplished by heating the powdered UO, ina 
special graphite furnace to 1875°C. The UO, 
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was pushed out of the furnace andintothe 750°C 
stainless-steel jacket can that, together with the 
extrusion container, had been previously heated 
in a separate furnace. The composite billet thus 
formed was pushed directly through the die, at 
the rate of 2.3 in./sec, in the same motion and 
by the same ram used to remove the UO, from 
the furnace. 

At entry into the die, the composite billet 
was 2.615 in. in diameter and 6 in. long. The 
stainless-steel jacket can was 1.6 in. in inside 
diameter, 1.75 in. in outside diameter, and 5in. 
long, A radial clearance of 0.010 in. was provided 
between the jacket can and the extrusion can. 
The UO, fuel slug was 1.496 in. indiameter and, 
including front and rear molybdenum end plugs, 
was 6 in. long. After the extrusion can was re- 
moved, the as-extruded rod was 0.410 in. in 
average diameter and about 40 in. long. The 
finished rod diameter, following four passes 
through a surface-conditioning sanding belt, 
measured 0.42 + 0.002 in. 

Two new and interesting approaches to the 
fabrication of packed-UO,-powder fuel elements 
are gas consolidation®’ and tandem rolling.'! 
The gas-consolidation process appears to be a 
variation of isostatic pressing, which utilizes 
helium at high pressure to simultaneously 
compact both the UO, and the jacket. Fabrica- 
tion of the prepressed element consists of filling 
the jacket tube with UO, powder, packing to 
minimum volume, and installing end closures 
as in the swaging processes. The sealed element 
is then subjected to external pressure up to 
10,000 psi and at temperatures to 2300°F, which 
produces compaction and low-temperature sin- 
tering of the UQ,. 

When ceramic-grade powder was used, den- 
sities as high as 99.5% of theoretical have been 
obtained after 1 to 3 hr at pressure. However, 
owing to the excessive shortening anddiametral 
reduction of the element, the low initial (green) 
density of the prepressed oxide resulted in 
extensive wrinkling of the jacket tube. Fused 
and ground UO, eliminated the jacket damage, 
but at the cost of decreased density. A mixture 
of 60% fused, 40% ceramic powder effected the 
best compromise between jacket integrity and 
density. This powder blend, when compacted to 
a green density of 75% of theoretical, is ex- 
pected to yield satisfactory elements of 95% 
of theoretical density after gas consolidation. 
Green densities in this range are easily achieved 
by inexpensive vibratory-compaction equipment. 
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Table IV-3 RESUME OF TANDEM ROLLING DATA FOR 
ENRICHED FUEL RODS"! 





Starting rod diameter, in. 0.503 
Starting rod length, in. 31 
Starting tube wall thickness, in. 0.015 
UO, powder Spencer fused grade 
UO, powder enrichment, % 3.5 
Starting UO, particle size —6 mesh 
Finished rod diameter, in. 0.401 
Finished rod length, in. 38% 
No. of rods rolled 26 
Density of rolled rods, % of 

theoretical density (maximum) 89.6 
Density of rolled rods, % of 

theoretical density (minimum) 87.8 
Density of rolled rods, % of 

theoretical density (average) 88.7 





A combined process consisting of vibratory 
compaction and gas consolidation may be of as 
much interest as the combination of vibratory 
compaction and swaging. 

The tandem rolling process is an adaptation 
of a method that has long been used for the 
commercial production of ceramic-insulated 
heating elements in stainless-steel or Inconel 
jackets. The process consists of passing a 
sealed, oxide-filled, metal-jacketed rodthrough 
a series of rolls, each of which reduces the rod 
cross section about 5%. For the experiments 
described,'! 10 sets of rolls were used. Re- 
duction is accomplished cold at a speed of about 
50 ft/min. 

The reference discusses the development and 
the production of 26 stainless-steel-jacketed, 
fused and ground UO, rods intended for irradia- 
tion in the Vallecitos Boiling-Water Reactor. 
The rods were 38% in, long and 0.401 in. in 
diameter. A density of 88% of theoretical was 
achieved for this run, but it is expected that 
larger-diameter rods will exhibit densities of 
at least 90% of theoretical. Other data of in- 
terest are given in Table IV-3. Of particular 
note is the estimated process production rate 
of 350,000 ft/month quoted in the report for 
this type of fuel. 
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Beryllium Oxide 


The major question in the performance of beryl- 
lium oxide as a moderator is the degree to which 
its properties deteriorate by radiation damage 
over long exposure times. A program at Oak 
Ridge National Laboratory! has investigated the 
effects of irradiation at temperatures up to 
1025°C. Two types of BeO were tested: (1) a 
high-density hot-pressed material at a density of 
2.9 g/cm, and (2) some specially prepared 
lower-density material (2.65 to 2.70 g/cm’) 
made by Sintering isostatically pressed gran- 
ules, The granules were prepared, inturn, from 
isostatically pressed BeO powder. On the basis 
of a quite recent figure’ for the theoretical den- 
sity of BeO, 3.0100 + 0.0003 g/cm’, these den- 
sities correspond to 96.4% and 88 to 89.7% of the 
theoretical density. 

Since one of the major interests of the pro- 
gram was thermal stress, the BeO was irra- 
diated in the form of cylinders whose diame- 
ters were selected to produce the required 
stresses at the test temperatures, Pellet diam- 
eters ranged from0.428to1.180in. The smaller 
diameter is calculated to correspond toastress 
of 7600 psi at 900°C and a gamma heat of 
25 watts/g, whereas the larger diameter is 
equivalent to 57,700 psi under the same condi- 
tions. Since there was some doubt concerning 
the values used in the calculations and since 
stress relaxation might take place, a wide range 
of calculated stresses was employed so that both 
failed and unfailed specimens would be recov- 
ered from the tests, Irradiations were carried 
out in the Engineering Test Reactor (ETR), and 
integrated fast fluxes (>1 Mev) (as monitored 
with Mn*) from 1.1 to 107° to 2.8x 107! nvt were 
attained, Center temperatures of the specimens 
ranged from 110 to 1025°C in the tests, Tem- 
perature control was effected by automatically 
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regulating the dilution of the coolant helium in 
the capsule with argon. The gamma flux of the 
ETR was high enough to provide the desired 
temperatures without supplemental heating, and 
the coolant-dilution scheme of temperature con- 
trol was sufficiently effective so that the tem- 
perature of one capsule could be varied from 
790°C with pure argon to 300°C with pure helium. 
The response time of the control system was 
found to be adequate for normal reactor behavior. 
Five experiments at five exposure levels of from 
411 to 10,032 Mwd were carried out. The test 
involving the largest exposure consisted of some 
seven capsules containing three specimens each. 
A total of some 57 BeO specimens was exposed 
and reported, 

Postirradiation examination included meas- 
urements of changes in physical dimensions, the 
determination of the amount of gas released in 
the specimens, and determinations of the changes 
in thermal conductivity and incrystal structure. 
Visual examination of the specimens when re- 
moved from the irradiation capsules showed that 
damage varied from simple cracking, through 
general fracturing, to partial or complete pow- 
dering of the material. For the lower exposure 
levels (4.4 x 107° nvt), even at lowtemperatures 
(120°C), the BeO pellets survived without visible 
damage. At 950°C and 2.1 x 10”! nvt, two of the 
three specimens in one capsule had random 
breaks, One of the specimens showed evidence 
of powdering. However, the third specimen re- 
mained sound with sharp edges. It appeared that 
failures did not take place early in the exposure 
as would be expected if breakage were due to 
thermal stress alone. Evidently there is a de- 
terioration in physical properties due to radia- 
tion damage. Some experimental indication of 
decreased thermal conductivity with irradiation 
was found, Dimensional changes in the pellets, 
which could be expected to lead to ultimate fail- 
ure of the pellets, were found to increase with 
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radiation exposure at all temperatures, but the 
changes were more evident below 400°C. A re- 
lated effect, sensitive to irradiation tempera- 
ture, is the expansion of the c axis of the hexag- 
onal BeO lattice. Expansions under irradiation 
of from 0.2 to 0.6% were found. Plots of the 
changes in the c parameter against temperature 
show that increases were most marked below 
400°C and that the changes became greater 
with decreasing temperature. Above 400°C the 
changes reached saturation at a relatively low 
expansion, 

The role of radiolytic gas may be important 
in explaining deterioration. The two nuclear re- 
actions of importance are (1) the (x, 27) reaction, 
which produces helium, and (2) the (n,a@) reac- 
tion, which produces helium and tritium. The 
helium was retained within the BeO matrixeven 
at high temperatures, and solution of the oxide 
in molten salt was necessary to release it for 
measurement. Escape of the tritium formed was 
high at the higher temperatures, The (y, 2) re- 
action is by far the major contributor of helium. 
The diffusion of the helium to submicroscopic 
voids is indicated in several electron photomi- 
crographs at 17,500 to 35,000 x. The increasing 
size of these voids with exposure and the pres- 
sure in them would account for much of the de- 
crease in mechanical properties and thermal 
conductivity and possibly for the increase in 
physical dimensions of the specimens. 

In view of the high incidence of failure in the 
irradiated specimens, which progressed to the 
point of degradation to a fine powder under some 
conditions, the authors appear justified in con- 
cluding! that great caution must be exercised in 
designing BeO moderators for nuclear reactors. 
For the greatest life of the moderator, its tem- 
perature should, from the evidence reported, be 
kept above 400°C, and much greater safety is 
indicated at temperatures above 800°C. 

Experimental work on BeO irradiations has 
also been reported by General Atomic’ with 
somewhat more optimistic results. However, 
since the pellets that were irradiated were small, 
in the range 0.24 in. in diameter, the lower in- 
cidence of cracking found would not be unex- 
pected in view of the lower thermal stresses in 
the pellets. About 45 BeO pellets were irradi- 
ated in the General Electric Testing Reactor for 
exposures from 1 to 2 x 10”! nvt (>1 Mev) (as 
determined by nickel monitors) at temperatures 
from 1000 to 1900°F. The pellets were fabri- 
cated by a variety of methods, suchasby sinter- 
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ing cold-pressed, isostatically pressed, and ex- 
truded oxides and by hot-pressing the oxide. 
Some of the specimens contained MgO, Al1,Oz, 
and bentonite as additives. In operation, heating 
was provided by gamma heating in a mandrel 
that surrounded both the specimens and a graph- 
ite sleeve used as a thermal bond between the 
specimens and the mandrel, Although a resist- 
ance heater had been provided for the capsule, 
its use was not required, Ten thermocouples 
were installed for the test, but they all had failed 
by the start of the fourth and final cycle. 

When removed from the capsule after the test, 
several of the pellets irradiated at 560 to 720°C 
were found to be broken into chips or granules. 
Axial crushing tests on the sound pellets showed 
decreases of from 21 to 81% of the strength of 
unirradiated control specimens, ‘The strongest 
specimens were those containing 1% MgO; these 
specimens retained 81% of their unirradiated 
strength. The next strongest specimens con- 
tained 1% bentonite, and they had a crushing 
strength equal to 41% of that of unirradiated 
material. However, because of the anomalous 
behavior of some specimens containing varying 
amounts of MgO, the authors® believe bentonite 
to be the best additive. It was also found that, 
although additives decrease the unirradiated 
thermal diffusivity of BeO, they may decrease 
the radiation damage sufficiently so that the 
highest irradiated thermal diffusivities are ex- 
hibited by pellets containing additives, Two per- 
cent bentonite gave a thermal diffusivity for ir- 
radiated specimens equal to 85%of that of 
unirradiated specimens. The effects of additives 
on density and dimensional changes under irra- 
diation could not be assessed because the sensi- 
tivity of the measurements was good to only about 
1% for dimensional changes and to about 3% for 
decreases in density. The changes produced by 
irradiation were in this range or lower. 

Although additives such as bentonite had a 
markedly beneficial effect, the small diameter 
of the specimens leaves in doubt the significance 
of this improvement for larger bodies which 
would be subject to higher thermal stresses. 
The powdering of a pure BeO specimen at the 
lowest irradiation temperature used, 570°C 
(1059°F), and the cracking of 2% bentonite addi- 
tive specimen at the same temperature is in 
agreement with the Oak Ridge work discussed 
above. 

Another program to determine the effects of 
radiation on BeO at high temperatures is under 
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way at General Electric Nuclear Materials and 
Propulsion Operation, A recent progress re- 
port! discusses irradiations in progress in the 
ETR and presents results of orientation studies. 
Since anisotropic properties are to be expected 
in the hexagonal BeO lattice, any significant de- 
gree of preferred orientation in a BeO body 
might result in dimensional instability under ir- 
radiation. A relatively high degree of preferred 
orientation was found in certain extruded BeO 
bodies, but, of those examined, it was found only 
in specimens made from one grade of BeO, the 
UOX grade. The observation that bodies made 
from other grades of BeO show far less orienta- 
tion is surprising since the extrusion process 
usually tends to produce definite orientation. 

Data are also presented on compressive creep 
behavior at 1200°C for various grades of oxide, 
different grain sizes, and various stress levels. 
Randomly selected values are presented below 
to give a general idea of the spreadin creep be- 
havior of BeO at 1200°C. 








Creep, % in 
Stress, psi 500 hr 
3,000 0.62 
6,000 0.09 
10,000 0.13 
1,000 0.18 





The discrepancies apparent in the tabulation 
can be attributed, at least to some extent, to 
grain size effects, different porosities, and dif- 
ferences in the grade of oxide. 

A theoretical study based on a critical review 
of the literature onirradiation effects in BeO has 
been provided by Harwell.® Some 36 papers 
published prior to 1962 are referenced, but, un- 
fortunately, most of the work reported was car- 
ried out at relatively low temperatures. How- 
ever, surprising consistencies were discovered 
in some areas. A curve is given for the frac- 
tional macroscopic growth in BeO as a function 
of integrated neutron flux. Data for the 80 to 
170°C range, as provided by five groups of 
workers, were plotted and are found to fall ina 
straight narrow band. This band of experimental 
data agrees up to 10” nvt (>1 Mev) with the 
straight line developed theoretically. 

Analysis of the available information indicated 
that the anisotropic growth of BeO is probably 
the major factor causing the powdering found in 


Vol. 6, No. 1 


low-temperature (100°C) irradiations. Low- 
density (2.7 g/cm’) material was susceptible to 
powdering. The clean fracturing of BeO bodies 
when irradiated at high temperatures, as re- 
ported in the papers discussed above, is thought 
to be a more complicated phenomenon in which 
thermal stresses are a contributing factor and 
in which gas formation can be involved, since 
gas agglomeration begins in the 700 to 1000°C 
range. The author* suggests that deterioration 
due to anisotropic growth may be important in 
other oxides used in reactors, such as Al,O; for 
which anisotropic growth has been reported. 
However, the commonly used oxide, MgO, should 
be relatively immune to this difficulty because of 
its cubic structure. 


Beryllium Metal 


The Defense Metals Information Center has 
reviewed the literature on beryllium metal for 
structural applications® for the period 1958 to 
1960, a continuation of former reviews on this 
subject. Although primarily concerned with the 
field of missile-aircraft applications, the brief 
but adequate reviews of some 186 papers cover 
fabrication techniques, alloy development, the 
development of composite materials such as 
beryllium-silver or beryllium-aluminum, and 
joining methods. Properties are given, and cur- 
rent projects are described. 


lron-Aluminum Alloys 


The outstanding oxidation and corrosion re- 
sistances of the known iron-aluminum alloys, 
combined with the comparatively low-thermal- 
neutron cross sections to be expected from 
combinations containing appreciable amounts of 
aluminum, have made the iron-aluminum sys- 
tem of considerable interest to reactor metal- 
lurgists. One major characteristic has, how- 
ever, prevented the use of iron-aluminum alloys: 
the brittleness, or lack of any but trace ductility, 
of most of the compositions of interest. The al- 
loys have been as notorious for brittleness as 
they have been famous for oxidation resistance. 

A recent paper from Saclay’ shows, however, 
that brittleness is not necessarily inherent, even 
in alloys containing quite large percentages of 
aluminum. At 40 at.% aluminum (25 wt.%), it was 
possible to produce material with the following 
properties at room temperature: elastic limit, 
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38,400 psi; ultimate strength, 89,600 psi; and 
elongation, 11%. This ductility was produced by 
employing high-purity starting materials andby 
controlling in some manner the cooling rates so 
as to produce a fine equiaxed grain structure in 
the ingot. Rolling was carried out at 1000°C with 
significant reductions per pass. The product so 
prepared was found to be free of grain-boundary 
precipitates. Consequently the brittleness of 
previously prepared material is attributed in 
large part to the grain-boundary segregation of 
impurities. 

The production of such comparatively high 
elongations in a 40 at.% aluminum—60 at.% iron 
alloy is obviously an impressive accomplish- 
ment metallurgically which has practical impli- 
cations for several technologies. Until further 
data become available, some speculation would 
seem permissible as to the possible properties of 
such an alloy for reactoruse,. In addition to cor- 
rosion resistance in oxidizing mediaand a fairly 
low cross section (roughly half that of type 304 
stainless steel), resistance, or immunity, to 
chloride stress-corrosion may be indicated by 
the ferritic nature of the alloy. However, com- 
paratively low high-temperature strength may 
also be implied by the structure. In any case 
further developments will be watched with con- 
siderable interest. 


Stress Relief 
of Pressure Vessels 


The large size (up to 70 ft in diameter) of the 
pressure vessels used for the Magnox series 
of British gas-cooled reactors requires that 
stress relief be carried out in situ. On-site 
stress relieving requires far longer heating and 
cooling cycles than are necessary for similar 
operations when furnaces can be used. Total 
times in the 100-hr range may be required for 
complete heating and cooling, and the time at 
peak temperature is proportionally long. Studies 
have therefore been made at Culcheth’ on the ef- 
fect of such long stress-relieving times on the 
tensile, impact, creep, and stress-rupture prop- 
erties of the pressure-vessel steels and on the 
properties of pressure-vessel weldments. 

The steei tested was a 0.14% maximum car- 
bon, 1 to 1.4% manganese steel, as silicon 
killed and as aluminum grain-refined, The usual 
strength of such steels is in the 26- to 32-tsi 
range. Test times at stress-relieving tempera- 
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ture varied from 36 to 72 hr. The weld metal 
showed the greatest deterioration on prolonged 
heat-treatment, with drops in ultimate tensile 
strength as great as 6.7 tsi (maximum) to 3.2 tsi 
(minimum). Transition temperatures for notch 
ductility were increased 20°C on the average by 
the 600 to 650°C treatment. With respect to creep 
behavior, although it had previously been shown 
that silicon steels might increase in creep rate 
by factors of from 4 to 50 times after treatment 
at 600 to 650°C, it was found that the aluminum 
grain-refined steels showed little effect from 
prolonged heat-treatments. The differences be- 
tween the steels were also apparent inthe stress- 
rupture results. Silicon-killed steels showed a 
significant decrease in stress-rupture strength 
as stress relieved, whereas the aluminum grain- 
refined steels showed only slight effects. 

Since British practice sets the allowable mini- 
mum operating temperatures for such pressure 
vessels by testing Charpy specimens cut from 
the vessels themselves, the safety aspect of the 
results is not uppermost. The work, however, 
indicates the importance of the stress-relieving 
cycle. 

Work on the problem of stress relaxation 
under irradiation has been reported by Savannah 
River’ for stainless steel under torsional stress 
at low temperatures, Type 304 stainless-steel 
tubular specimens were exposed to total inte- 
grated fluxes of 2.7, 5.1, and 10.0 x 107° nvt 
(>0.1 Mev) (as calculated from flux traverses) to 
an accuracy of 35%. The exposure temperatures 
were calculated to be less than 100°C. Before 
exposure the bar specimens were twisted through 
a known angle so that the extent to which the bar 
did not spring back to its original position after 
exposure could be used as a measure of the 
stress relaxation due toirradiation. It was found 
that, at 5000-psi shear stress, the relaxation was 
too small to be measured. The measurements 
made above this stress level showed the relaxa- 
tion to increase with the initially applied stress 
somewhat faster than proportionately. Relaxa- 
tion apparently reached saturation at 5x 10”° nvt, 
but relaxations as great as 7500 psi from an 
initial stress of 22,000 psi were measured. 
Compared to tensile-stress relaxations, the 30% 
decrease observed at 20,000-psi initial stress 
was about the same as that found for previously 
reported tensile loading. At half this initial 
stress, however, the torsional stress decrease 
(20% at 10,000 psi) was less than half that en- 
countered in tensile loading. 
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The N.S. Savannah, the first merchant ship to 
use nuclear power for propulsion, was launched 
in July 1959. Since that time construction and 
testing have been completed, and the ship is 
currently in service. Although the general char- 
acteristics of the propulsion plant are well 
known, it is worthwhile to examine some of the 
Significant details of the plant as examples of 
design practice in pressurized-water reactors 
and particularly as examples of practice in a 
marine application. The following section sum- 
marizes a number of such details, extracted 
from the Safety Assessment report.! Reference 
2 also contains design information on the plant, 


It may be informative to compare the char- 
acteristics of the Savannah power plant with 
those of the Yankee Nuclear Power Station (re- 
viewed in the June 1961 issue of Power Reactor 
Technology, Vol. 4, No. 3, pages 47 to 55), 
which, although a much larger plant, employs 
the same basic materials in its reactor. 


The Savannah is a combination passenger- 
cargo ship, 595 ft long and 78 ft wide, displac- 
ing 21,850 long tons at full load (60 passengers 
and 9250 long tons of cargo). At the normal 
cruising speed of 20 knots, the propulsion tur- 
bine delivers 20,000 shp, and the reactor (which 
supplies steam for the ship’s electric genera- 
tors and the hotel load as well as the propul- 
sion equipment) operates at 64 Mw. The maxi- 
mum powers are 70 Mw and 22,000 shp. The 
crew consists of 105 on-board members plus 
staff consultants on shore. Without passengers 
the ship would probably require a crew of 55 to 
60. This is comparable to a crew of 53 that is 
normal for a mariner-class vessel (a slightly 
smaller ship with accommodations for only 12 
passengers). A single-batch refueling scheme 
is to be used which will replace all fuel ele- 
ments at one time. In the design of the reactor, 
a major objective was to achieve an energy 
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production of 52,000 Mwd from the first core to 
give a core life of 1200 days at 44 Mw, the 
average reactor power requirement expected in 
operating the ship. The power density in the 
core and the specific power are relatively low, 
about half those of the Yankee reactor. A low 
specific power makes possible a large total en- 
ergy output (megawatt days) without requiring 
an excessively large average fuel exposure 
(megawatt days per ton). The design value 
of the average exposure is 7352 Mwt/ton. 
The reactor core contains a relatively large 
fraction of stainless steel, which is utilized for 
a permanent eggcrate structure as well as for 
fuel jackets; the fuel jackets are sufficiently 
thick (35 mils) to be free-standing under oper- 
ating pressure after furnace brazing at 1950°F. 
No reactivity control other than the 21 control 
rods is required for normal operation. 


The general features of the reactor are shown 
in Figs. VI-1 and VI-2. The installation of the 
reactor in the containment shell is shown in 
Fig. VI-3, and its location in the ship is shown 
in Fig. VI-4. 


Fuel Elements 


The rod type fuel elements are each com- 
posed of a closed stainless-steel tube, of full 
core length, which contains uranium dioxide fuel 
in the form of pressed and sintered pellets. A 
hollow stainless-steel spacer below the pellets 
insulates the bottom end plug, and an Inconel X 
spring at the top of the pellet column serves as 
an insulator and pushes the fuel pellets of the 
column together. The fuel tubes are sealed at 
the ends by heliarc-welded end plugs. 


10 g/em? 
0.4245 in. in diameter 
by about 0.5 in. long 


Pellet density 
Pellet dimensions 
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Fig. VI-1 Vertical cross section through the N.S. Savannah reactor. 
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Fig. VI-2 Horizontal cross section through the N.S. Savannah reactor. The numbers 
represent fuel enrichments. 
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Fig. VI-3 Location of reactor and propulsion equipment on the N.S. Savannah. 
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Element dimensions 0.500 in. in outside di- 
ameter by 69 in. long 
Jacket material Type 304 stainless steel 
Wall thickness 0.035 in. (free standing) 
Jacket thickness/OD 0.070 
ratio 
Nominal pellet-jacket 0.0027 in. on radius 
clearance (assembly) 
Additional gas space Approximately 3 in. of 
(cold) fuel-element length 
Filling gas Helium 
Length of UO, per ele- 66 in. 
ment (cold) 
Total elements in core 5248 
UO, pellets per element 132 
(approximately) 
Total UO, pellets in 6.93 x 10° 
core (approximately) 
Total length of UO, 2.89 x 10‘ ft 


pellet column in core 


Control-Rod Drives 


Steam Drum 


Boiler 


Main Coolant Pumps 


Fuel Assemblies 


The fuel rods are joined into 41-rod bundles 
(six by Seven array with one corner rod omitted) 
by brazing with l-in.-long ferrule spacers at 
8-in. intervals. Four bundles are arranged ina 
164-rod assembly by support frames at the 
ends. The assembly is held together by one 
central shaft that connects the support frames. 
A fuel assembly is shown in Fig. VI-5. 


Number of fuel ele- 164 
ments per assembly 
Fuel-rod lattice Square 
Lattice pitch 0.663 in, 
Cross-sectional di- Approximately 8.5 in. 
mensions of as- square 
sembly 
Reactor 







Reactor Shield 


Pressurizer 





Main Coolant Valves 


Fig. VI-4 Cutaway view of reactor containment vessel for the N.S. Savannah , showing arrangement 
of equipment, 
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Upper Support Frame and Adapter 
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Fig. VI-5 N.S. Savannah reactor fuel assembly. 
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Lower Support Frame 








Method of spacing 
fuel rods 
Ferrule dimensions 


Brazed, tubular, type 307 
stainless-steel ferrules 
0.4375 in. in outside di- 
ameter by 0.3975 in. in 


Below the poison section there is a follower 
section formed from four angle sections of 
Zircaloy-2. The center of the follower is filled 
with aluminum oxide to minimize flux peaking. 





inside diameter by 1 in. 
long (smaller ferrules 
used at periphery of as- 


sembly) 
Ferrule braze ma- Kanigen (0.90 nickel —0,10 
terial phosphorus) 
Total assemblies in 32 
core 


Control Rods 


The reactor is controlled by 21 cruciform 
rods (Fig. VI-6), one at each core-lattice posi- 
tion, which is surrounded by a complete set of 
four fuel assemblies (Fig. VI-2). The poison 
material is boron, enriched to 92% B", in a 1.5 
wt.% boron—stainless steel alloy. A stainless- 
steel jacket that surrounds the boron—stainless 
steel serves as a structural material. Finned 
dowels through the boron—stainless steel are 
welded to the two jacket surfaces. Any differ- 
ential expansion between the jacket and the poi- 
son section will result in crushing of the fins 
without excessive stresses on the assembly. 


Type 
Arrangement 


Dimensions of ab- 
sorbing section 
Absorber material 


Cladding material 
Follower materials 


Number of control 
rods 

Driven from 

Downward motion of 
rods 

Rod travel 


Core Structure 


Cruciform, with follower 

Square array, 9.7-in. 
pitch 

8.00-in. span by 0.375 in. 
thick by 62 in. long 

Boron-—stainless steel, 
0.188 in. thick, 1.5 wt.% 
boron, 92% enriched in 
pie 

Type 304 stainless steel, 
0.094 in. thick 

Zircaloy-2 with central 
filler of Al,O, 

21 


Top 
Decreases reactivity 


Adjustable, 72-in. maxi- 
mum 


The reactor coolant makes three passes in 
the pressure vessel. Two of the passes are in 
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the core. This requires that the core structure 
separate the coolant passes as well as position 
the core components. In the first pass the cool- 
ant flows upward outside the core, cooling the 
thermal shields. The second-pass flow is down- 
ward through the outer 16 fuel assemblies, and 
the third pass is upward through the inner 16 
assemblies with a small amount of coolant flow 
in the control-rod channels bypassing the third 
pass, 

The outer thermal shield and conical support 
ring are welded to the pressure vessel, The 
core support shield assembly, which supports 
all other core structures, is bolted at its top 
to the conical ring and is suspended from it, 
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Fig. VI-7 N.S. Savannah reactor control-rod drive 
mechanism. 
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making all structures in the vessel removable 
except the conical ring and outer thermal shield 
(Fig. VI-1). The fuel-container assembly, con- 
sisting of the inner thermal shield, the core 
bottom plate, and the fuel-container eggcrate, 
is located inside the core support shield. The 
eggcrate consists of stainless-steel boxes of 
square cross section joined by stainless-steel 
H beams (Fig. VI-2). Each box contains one fuel 
element. The control rods are located in the 
channels formed by the boxes and H beams, 
The fuel elements are located at the bottom by 
a positioning device that mates with the support 
frame. Below the active core the lower flow- 
baffle assembly provides flow tubes out of the 
second pass and into the third to prevent flow 
across the control-rod followers. Snubbers are 
provided to prevent damage to any control rod 
if it is accidentally dropped during installation 
or removal. The lower plenum chamber sepa- 
rates the reactor inlet flow from the flow en- 
tering the third pass. Above the core the upper 
grid plate has a vertical baffle that channels 
flow from the first pass in anddownto the outer 
16 fuel assemblies (second pass). Flow from 
the inner 16 assemblies (third pass) is carried 
upward in flow tubes. The bottom plate seals 
against the fuel-assembly nozzles to prevent 
leakage between the fuel assemblies and the 
control-rod channels below the upper grid 
plate. Above the upper grid plate assembly, 
flow across the control-rod channels is pre- 
vented by the upper flow-baffle assembly. A 
large belleville spring between the upper flow 
baffle and the vessel head holds the entire core 
in place with the reactor in any position. 


Core Characteristics 


Active fuel length 66 in. 
Core equivalent diameter 62 in. 
Number of fuel 
assemblies 32 
Fuel enrichment (inner 
16 assemblies) 4,2% 
Fuel enrichment (outer 
16 assemblies) 4.6% 
Volume fractions (active 
core): 
Water 56.7% 
Control rods and 
followers 4.1% 
Fuel 24.7% 
Stainless steel 14.5% 
Initial U*® loading 312.4 kg 
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Initial U*® loading 6787.5 kg 
Average burnup 7352 Mwd/metric ton 
Final enrichment (av.) 3.63% 


Rod Programming 


The center rod and the outer 12 rods are 
used as shim rods under manual control at all 
times, whereas the remaining eight rods may 
be positioned either under servo control or 
under manual control. The servo-controllable 
rods are divided into two groups of four: one 
group is normally under automatic control and 
one is operator controlled. The automatic con- 
trol system positions its group of rods to main- 
tain reactor temperature constant and to follow 
steam demand. The operator periodically posi- 
tions the other servo-controllable rods to limit 
the reactivity swing required of the automatic 
control system. 


Heat Removal 


Maximum reactor power 70 Mw 
Operating pressure 1750 psia 
Maximum fuel tem- 
perature 3794°F 
Coolant inlet tempera- 
ture (full power) 496.3°F 
Coolant outlet tempera- 
ture (full power) 519.7°F 
Maximum clad tem- 
perature 623°F 
Maximum coolant tem- 
perature 541°F 
Power peaking factors: 
Radial 2.0 
Axial 1,5 
Local (not including 
effects of manufac - 
turing tolerances) 1,25 
Total 4.75 


Average heat flux at 
maximum power 
Maximum heat flux at 
maximum power 
(nominal dimensions) 
Maximum keat flux at 
maximum power (in- 
cluding accumulated 
effects of tolerances) 
Total coolant flow 
Average coolant velocity, 


63,500 Btu/(hr)(sq ft) 


238,000 Btu/(hr)(sq ft) 


277,000 Btu/(hr)(sq ft) 
8,640,000 lb/hr 


outer pass 10.0 ft/sec 
Average coolant velocity, 
inmer pass 9.0 ft/sec 





Vol. 6, No. 1 

Pressure Vessel 
Shape Cylindrical, with hemi- 
spherical top and bot- 


tom heads 
U. S. Coast Guard and 
American Bureau of 


Design codes 


Shipping 
Design pressure 2000 psig 
Hydrostatic test 3000 psig 


pressure 
Top head seal Double O rings and 


welded outer mem- 








brane 
Inside diameter 98 in. 
Total height 26 ft 10% in. 
Material Carbon steel, A-212 
Grade B 
Internal clad material Stainless steel, type 304 
Wall thickness, cylin- 6.50 in. 
drical portion 
Wall thickness, heads 6.25 in, 
Clad thickness 0.11 in, 
Nozzles: 
Size (inside 
Type Quantity diameter), in. 
Coolant inlet 2 12%, 
Coolant outlet 2 is, 
Control rods 21 ~4 





Control-Rod Drives* 


The control-rod drive mechanism (Fig. VI-7) 
has electric and hydraulic elements. During 
normal operation the control rods are forced 
upward by reactor pressure, holding the cou- 
pling piece against the carriage which is driven 
by the electric motor at a speed of 5to 15 
in./min, To scram the reactor, hydraulic pres- 
sure is applied to the cylinder, pushing the rod 
down where it is held by the hydraulic pressure 
until the carriage is driven down against the 
coupling piece. The time required for three- 
fourths rod insertion is 0.807 sec. In addition 
to providing scram action, the hydraulic sys- 
tem partially counterbalances reactor pressure, 
which, in turn, reduces the load on the carriage 
during normal operation. When reactor pres- 





*It has recently been reported that the original 
drive system will be replaced by an all-electric sys- 
tem at some time in the future. This: all-electric 
system will improve accessibility of important items 
during operation.? 
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sure is low, hydraulic pressure is applied under 
the piston to hold the coupling piece against the 
carriage. Hydraulic pressure is supplied by any 
one of three power units. Each unit is equipped 
with oil reservoir, pump, filters, etc. Each 
control-rod drive is equipped with an accumu- 
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lator so that the reactor can be scrammed even 
if the hydraulic power units fail. 

The control-rod drive shafts move vertically 
through penetrations in the reactor-vessel head 
which are sealed by the buffer seal assembly 
(Fig. VI-8). The primary seal is made by four 
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Fig. VI-8 Buffer seal assembly for penetrations through the N.S. Savannah reactor-vessel head. 
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sealing-ring units between the vessel interior 
and the seal water injection point and by 18 
sets of rings between the injection point and 
the outside. The seal rings are stellite, and 
the spacer rings are 17-4 PH steel. Buna-n/ 
asbestos V rings form the low-pressure seal 
between the seal water outlet and the atmos- 
phere. Another set of V rings mates with a 
shoulder on the shaft when the control rods are 
fully inserted to form a high-pressure seal. 
Thus, if the seal water supply fails, reactor 
pressure can be held with all rods in. 


instrumentation 
and Control 


Startup range: 


Two channels using BF; chambers cover the 
source level to 107’ x full power. Two channels 
using fission chambers cover the range 10~ to 
10~ x full power. 


Intermediate range: 
Three channels using compensated ion chambers 
cover the range from 10~° to 1.5 x full power. 





Power range: 
Three channels using uncompensated ion cham- 
bers cover the range from 107‘ to 1.5 x full power. 


Startup neutron source: 
Two 100-curie polonium-beryllium sources lo- 





cated at diametrically opposed points in the core. 


Chamber location: 

All chambers are located in instrument wells in 
the neutron shield tank just outside the pressure 
vessel. 





Rod insertion and scram: 

All rods are electrically inserted at the maximum 
rate on period signals from the startup and inter- 
mediate channels. The hydraulic scram system is 
actuated by: (1) period signals from the two startup 
channels that use fission chambers; (2) period sig- 
nals in a two-out-of-three coincidence from the 
intermediate-range channels; and (3) high reactor- 
power signals in a two-out-of-three coincidence 
from the power-range signals. 





kes cold and clean 142 
Temperature coefficient 


(room temperature) 3% 107) F 
Reactivity requirements: 
Moderator temperature 
(68 to 508° F) 0.032 
Equilibrium xenon and 
samarium 0.020 


Fuel temperature 0.013 
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Fuel burnout and poison 


buildup 0.047 
Total excess reactivity 0.112 
Total control-rod worth 0.146 


Primary Coolant Circuit 


Number of coolant 2 
loops 

Number of steam 1 
generators per 
loop 

Number of pumps 2 
per loop 

Valves per loop 2 gate valves (remotely op- 
erated), 1 check valve at 
each pump discharge 

12%, in, in inside diameter 

Hollow forged ASTM A-376 
type 304 stainless steel 

Canned motor, 5000 gal/min 
each at 495°F (~2 x 10° 
lb/hr) with half-speed 
winding for shutdown 
cooling of the reactor 

U-tube boiler and steam 
drum with scrubbers and 
centrifugal moisture sep- 
arators; primary coolant 
in U tubes 

Electric heater in separate 
pressurizer vessel 

One pilot-operated valve on 
pressurizer set to open 
at 1930 psia; two self- 
actuated valves set to open 
at 2000 psia; a three-way 
remote-operated valve 
allows isolation of either 
self-actuated valve 


Main piping size 
Pipe construction 
and material 
Main circulating 

pumps 


Steam generators 


Pressurization 


Relief valves 


Primary System 
Water Treatment 


Dissolved solids 1 ppm 
content 

Purification method Bypass flow of cooled, 
depressurized water 
to mixed-bed demin- 
eralizers. Flow rate, 
20 to 60 gal/min 

150 to 300 days 

Sluicing to shore stor- 
age and disposal fa- 
cilities or removal of 
complete demineraliz- 
ers 


Demineralizer life 
Spent-resin disposal 
method 
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Hydrogen content 20 to 40 cm3/liter (STP) 
Hydrogen -addition Added to return from de- 
method mineralizers 


Reactor Shielding 


Outside the reactor pres - 
sure vessel: 33-in.- 
thick water neutron 
shield surrounded by 
1- to 4-in,-thick lead 
shield 

Outside the upper half of 
containment vessel: 8 
in. of polyethylene plus 
5.2 to 6 in. of lead. 
Outside lower half of 
containment vessel: 
concrete, 33 to 48 in. 
thick 


Primary shielding 


Secondary shielding 


Shield design rates: 





Area Dose rate Reactor power 





Passenger spaces 0.5 rem/year Full power 
Crew areas 5 rem/year 50 Mw (ex- 


pected av.) 
Temporary ac- 1 rem/week 
cess (food stor- 
age, etc.) 
Stevedore spaces 0.5 rem/year 14 Mw (ship in 
port) 


0.2 rem/hr '’, hr after re- 
actor shut- 


down 


Inside contain- 
ment vessel 





Maintenance and 
Refueling 


Both periodic and unscheduled maintenance 
will be required. Some of the periodic mainte- 
nance items are: 





Item Interval Location 





Waste transfer 100 days As required 


Inspection Annually As required 
Refueling 30 to 40 months’ Refueling site 
Removal of de- No regular Refueling site 
mineralizers interval 
and charcoal 
traps 
Drydocking Annually or As required 


as required 
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In general, maintenance operations in which 
the containment is breached are performed at 
the refueling site. Other operations may be 
performed at any location where adequate fa- 
cilities are available. 

To provide a mobile nuclear servicing fa- 
cility, a 650-ton barge, the nuclear service 
vessel Atomic Servant was built. The 129-ft- 
long by 36-ft-wide barge is equipped to receive 
the Savannah’s demineralizer resins and one 
core loading of spent fuel. Facilities are pro- 
vided to store, process, and package waste for 
disposal and to dilute and dispose of low-levei 
liquid wastes. Health physics, decontamination, 
and other facilities are provided to allow any 
shipyard to work on the Savannah. 

Refueling will be done at the shore facility, 
where the refueling equipment is stored. The 
shore facility also is equipped to transfer spent 
fuel for disposal, to store fresh fuel, and to 
provide other facilities required for refueling 
and reactor-system maintenance, 





Power Plant 


Propulsion turbine: 

Cross compound type, directly coupled to the 
propeller shaft through double-reduction gearing. 
Maximum continuous rating is 22,000 shp at 110 
rpm with steam pressure of 445 psia. 





Turbogenerators: 

Two 1500-kw turbogenerators use secondary 
steam to provide electric power for reactor auxil- 
iaries and ship’s load. 





Low-pressure steam generator: 

Steam is generated at 100 psig for laundry and 
various heating uses on the ship. Maximum ca- 
pacity is 7500 lb/hr. 





Condensers: 

Propulsion turbine and turbogenerators are each 
equipped with a separate condenser, air-removal 
equipment, and condensate pumps. 


Feedwater system: 

One low-pressure feedwater heater, one direct- 
contact deaerating heater, one turbine-driven boiler 
feed pump, and one high-pressure feedwater heater. 





Steam dump system: 

Up to 190,000 Ibof steam perhour from the steam 
generators can be bypassed directly to the main 
condenser. 





Auxiliary equipment: 





Two 750-kw diesel generators provide electric 
power to the ship and to a 750-hp ‘‘take home’’ 
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electric motor if the reactor or the steam turbo- 
generators are disabled. A 300-kw diesel gener- 
ator, located on the bridge deck, provides electric 
power for essential services if all other gener- 
ators fail. An oil-fired boiler provides steam for 
ship’s service when the reactor is not operating. 


General Arrangement 


The general arrangement of the ship is shown 
in Fig. VI-3. The reactor and power plant are 
located amidships in order for the ship to 
maintain an approximately even keel in the 
loaded and unloaded conditions, The containment 
vessel is ahead of the main propulsion turbine 
and other machinery to allow it to be placed as 
low as possible without interfering with the 
shaft tunnel. For refueling, it is advantageous 
to have overhead access with a minimum of 
restrictions; therefore the superstructure is 
placed over the machinery space, leaving ver- 
tical access to six of the seven cargo holds. 
The machinery space contains the reactor con- 
trol center, the propulsion equipment, the aux- 
iliaries, and the ship’s service equipment. 

The reactor containment shell is protected 
against damage in collision by special strength- 
ening of decks outboard of the reactor compart- 
ment and by a vertical mat of steel and red- 
wood. The bottom structure of the ship is 
strengthened in the area under the reactor to 
hold its weight under all conditions. 


Containment 


All high-pressure components of the primary 
loop are inside the reactor containment shell, 
which is a cylindrical vessel with hemispheri- 
cal ends and a cupola mounted at its center to 
give vertical access to the pressure vessel. 
The containment shell and primary system 
components are shown in Fig. VI-7. Weight and 
space limitations on the ship dictated the use of 
a relatively small high-pressure vessel, ac- 
commodating the most compact practical ar- 
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rangement of internal components. Except for 
an occasional flow of air to purge radioac- 
tive gases, the vessel is sealed during plant 
operation, 


Diameter 35 ft 


Length 50% ft 
Cupola diameter 13 ft 
Design pressure 186 psi 
Maximum pressure oc- 173 psi 
curring during acci- 
dent 
Test pressure 173 psi 


ASME code for unfired 
pressure vessels 


Design code 


The containment vessel, which lies length- 
wise in the ship, rests on six longitudinal beams 
under the cylindrical portion. Additional sup- 
port is provided by braces at the C deck level 
above the vessel center line, by two transverse 
saddles, and by chocks that follow the contours 
of the hemispherical ends, The vessel is bolted 
only to the rear saddle, and clearance is left 
between the vessel and the forward chock to 
allow for thermal expansion. The entire con- 
tainment vessel is designed to be held in place 
with the ship in any position and to withstand 
1-g accelerations, which are considerably above 
the maximum expected in heavy weather or 
collision. 

The containment vessel is protected from 
crushing, in the event that the ship sinks, by 
two manways that open at a depth of 100 ft and 
reclose after the pressures are equalized. 
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VI Heavy-Water Losses 


Power Reactor Technology 





The rate of loss of heavy water is one of the 
important uncertainties that affects the as- 
sessment of the practicality and the economic 
promise of heavy-water-cooled reactors. Sev- 
eral programs of laboratory tests have been 
performed in an effort to determine the suita- 
bility of various turbine-shaft, pump-shaft, and 
valve-stem seals for use in D,O systems. Re- 
ports giving some of the results of these tests 
have been reviewed in the September 1961 issue 
of Power Reactor Technology, Vol. 4, No. 4, 
page 70, and in the June 1962 issue, Vol. 5, 
No. 3, page 35. Additional results of tests to 
determine the leakage of water from pump 
mechanical seals are given in Ref. 1. 


The general usefulness of laboratory tests is 
limited by the specific nature of the items 
tested, the many variables that affect service 
performance, and the inconsistencies encoun- 
tered in the tests. In some cases a test of a 
Single seal may yield instantaneous D,O-loss 
values that differ from minimum to maximum 
by more than three orders of magnitude. Yet, 
despite the restrictions placed upon the use of 
most of the test data, the tests have provided 
at least a basis for the selection of specific 
components and some basis for estimates of 
the D,O-recovery facilities that would be re- 
quired for heavy-water power-reactor plants. 


Reference 2, which reports leakage experience 
with a complete D,O reactor system of the 
pressure-tube type, is of particular interest. 
The report contains a discussion of the D,O 
losses that occurred in the Plutonium Recycle 
Test Reactor (PRTR) during the period from 
November 1960 through November 1961. This 
period covers the time from initial criticality 
through several months of operation at rated 
power [70 Mw(t)|. Although the PRTR operates 
under power-reactor conditions (530°F and 
1050 psi), it is intended for research and de- 


from Power Reactors 


velopment purposes. Two features of the PRTR 
design which are not common to most proposed 
power reactors of the pressure-tube type are 
(1) the provision of helium pressurization for 
the primary coolant system and (2) the instal- 
lation of easily removed pressure tubes. Both 
of these features may contribute to D,O losses. 

The major D,O systems of the PRTR, each of 
which contains about 30,000 lb of D,O, are: 

1, The primary system, which is pressurized 
to about 1050 psi and which operates at 478 to 
530°F 

2. The moderator system, which is nominally 
unpressurized in the core region and which 
operates at a maximum temperature of about 
160°F 

3. The reflector system, which is also nomi- 
nally unpressurized and which operates at a 
maximum temperature of about 160°F 


Reference 2 contains detailed descriptions of 
the above systems, the helium systems, and 
the D,O recovery system. In conjunction with 
the system descriptions, specific mention is 
made of those components from which losses 
of D,O might be expected. 

Although the D,O losses from the PRTR have 
been very high, the attention given by its de- 
signers to component testing, D,O-loss pre- 
diction, and D,O recovery appears to be at 
least as great as that proposed for similar re- 
actors in design studies. The large D,O losses 
were contributed to by the failure of com- 
ponents to perform in the reactor as well as 
tests had indicated they would and by the spills 
and other errors that occurred during the early 
operating period of the reactor. However, other 
substantial losses of D,O have come from a 
multitude of minor sources that would be 
present in any power reactor of the PRTR type. 

Heavy-water loss rates are given in Ref. 2 
for the period of rated-power operation covered 
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by the report (July 1961—November 1961). The 
loss rate was reduced from an initial value of 
over 200 lb/day to a value of nominally 50 Ib/ 
day. The authors state that they feel it is pos- 
sible to reduce the loss rate further (to the 
design value of about 20 lb/day), but such de- 
creases will become progressively more dif- 
ficult. It should be noted that the design value 
(20 lb/day) represents an annual D,O loss of 
about 8% of the total inventory and that the 
actual loss rate as of November 1961 was 
equivalent to about a 20% annual loss. Heavy 
water from the moderator and reflector sys- 
tems constituted about 15 lb/day of the 50 lb/ 
day nominal actual loss, and the remainder of 
the loss was heavy water from the primary 
s¥stem. Helium losses of 3000 scf/day or more 
were normal. 

The recommendations that appear in Ref. 1, 
based on PRTR operating experience, are quoted 
below. 


1. A continuing effort should be made during de- 
sign and procurement periods to obtain systems 
and/or components that are (or can be) hermetically 
sealed. A substantial premium for such items may 
not be warranted, however, because a continuing ef- 
fort to minimize D,O losses will be necessary any- 
way for those items which are not or cannot be so 
sealed. 

2. A record-keeping program of D,O leakage 
(and repair) should be maintained for each piece of 
equipment or component to determine items that 
require replacement or modification. 

3. Rather complex shrouds (for potentially high- 
leakage equipment) can be built with the expectancy 
of collecting high isotopic purity D,O. 

4. Continuous monitoring (in preference to batch 
monitoring) should be provided wherever possible 
as a signal of changing D,O losses. This is true of 
both unrecoverable streams (stack exhaust) and re- 
coverable streams (recovery systems). 

5. A continuous inventory system (during shut- 
down and operation) is desirable to ensure that 
malfunction of monitoring instrumentation does not 
go undetected. 

6. Shutdown losses resulting from maintenance 
and operating functions can be as great or greater 
than full power operation losses. Stringent proce- 
dures for maintaining and repairing the piping sys- 
tems and the collection systems (D,O recovery 
system, for instance) are required. 
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Reference 3 contains information concerning 
D,O and helium losses from the PRTR for a 
39-day period ending May 25, 1962. During this 
time the reactor was shut down for 20 days. 
Heavy-water losses were 2120 lb, or about 
54 lb/day, and helium losses totaled 73,500 scf. 
A total of 20,900 lb of D,O equivalent was 
shipped for reprocessing, and this amount 
covered all the degraded heavy water ac- 
cumulated since startup of the PRTR. These 
values’ indicate no improvement over the loss 
rates that were reported for November 1961. 

It is hoped that, percentagewise, large D,O 
power reactors can achieve loss rates sub- 
stantially lower than those which have char- 
acterized the PRTR to date. Large D,O-cooled 
reactors of the pressure-tube type appear to 
be capable of specific powers of about 0.5 kw/(e) 
per pound of D,O in the total reactor system. 
A loss rate of even 8% per year (the PRTR 
target value) in such a plant would contribute 
about 0.65 mill/kw-hr to the cost of power 
generation. However, it is not unreasonable to 
expect very substantial improvements in future 
designs, particularly those directed specifically 
toward plants for commercial power generation, 
on the basis of experience provided by reactors 
such as the PRTR. Further, there is no ap- 
parent fundamental reason for a direct pro- 
portionality between leakage rate and D,O in- 
ventory. The common practice of estimating 
leakage as a percentage of inventory is evi- 
dence of the inadequacy of existing information, 
an inadequacy that operation of the early ex- 
perimental and prototype D,O power reactors 
should do much to remedy. 
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Fuel-Rod Bowing in SRE 


The Sodium Reactor Experiment (SRE) was op- 
erated from April 1957 to July 1959 withits first 
core loading, which consisted of 43 seven-rod- 
cluster fuel elements of uranium metal enriched 
to 2.8% U**®, The uranium rods were jacketed 
in type 304 stainless steel with an NaK thermal 
bond. Measurements showed that the power co- 
efficient of reactivity had two distinct compo- 
nents: (1) a fast negative effect associated with 
the fuel temperature, and (2) a much slower, 
positive contribution associated with the moder- 
ator. The net power coefficient was positive at 
operating powers below 12 Mw, and negative 
above. However, the reactor was, for practical 
purposes, very stable over the entire range be- 
cause of the much faster response of the nega- 
tive term!” 

Operation with the second core loading® be- 
gan in September 1960. The second loading con- 
sists of five-rod-cluster fuel elements contain- 
ing thorium—7.6 wt.% uranium alloy slugs with 
a U** enrichment of 93.1%. Like the core 1 
elements, the core 2 elements use type 304 
stainless-steel fuel tubes with an NaK thermal 
bond between fuel and tube surfaces. Figure 
VIII-1 shows cross sections of the seven-rod 
and five-rod clusters. 

The early operation with core 2 was at rela- 
tively low power until some residual decompo- 
sition products of Tetralin, remaining from the 
earlier Tetralin-leakage problem, had been re- 
moved.* During this low-power operation, in 
December 1960, indications of reactor insta- 





*The Tetralin leaks, and their effects, were dis- 


cussed in previous issues of Power Reactor Tech- 
nology, Vol. 3, No. 2, pages 60—64 (March 1960) and 
Vol. 5, No. 1, pages 84—87 (December 1961). 
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bility were observed at 2 Mw(t). The instability 
was attributed to a fast, positive power coeffi- 
cient of reactivity that was caused by the ther- 
mal bowing of fuel elements. Previously it had 
been assumed that small changes in fuel posi- 
tion would cause negligible reactivity effects 
because of the long diffusion length in sodium 
graphite reactors. However, experiments proved 
that this is not true and that it was necessary 
to constrain the fuel rods to prevent reactor 
instability. This effect is discussed in Ref. 3, 
and the method used to prevent thermal bowing 
in the elements is presented in Ref. 4. Rigidity 
was achieved by installing a helical wire wrap 
around the fuel clusters. This reduced the power 
coefficient, measured at power levels to 5 Mwit), 
from +16 cents/Mw to —2.1 cents/Mw. As of 
January 1962 the fuel-element modifications 
were completed, and the SRE was operating at 
a power level of 5 Mw(t) while carbon deposits 
were being removed from the sodium coolant.° 


The initial indications of reactor instability 
were observed under manual control at a power 
level of 2 Mw(t) when flux- and temperature- 
monitoring instruments recorded oscillations 
having an amplitude of 5% of the average value 
and a frequency of one-fourth cycle per minute.° 
Two attempts to increase power resulted in 
minor flux transients with exit temperatures 
increasing 30°F. In view of these indications, 
the reactor was shut down temporarily, anda 
study was initiated to determine the cause of 
the instability. During subsequent tests the re- 
actor was operated safely on manual control 
for steady-state operation at power levels be- 
low 3 Mw(t), and power changes were easily 
accomplished using automatic flux control. 

Experimental measurements with an “on-line” 
analog simulator showed that the fast power co- 
efficient was +16 cents/Mw. Since the estimated 
Doppler coefficient was —2 cents/Mw, this indi- 
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Fig. VIII-1 Cross sections of a seven-rodand a five-rod fuel element in a fuel channel. 
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cated a positive component of +18 cents/Mw to 
be explained. This component of the coefficient 
was not evident during the measurement of the 
isothermal temperature coefficient. Therefore 
it was apparently associated with the tempera- 
ture gradients in the fuel cluster, which were 
postulated to result in fuel-rod bowing. Theo- 
retical analysis of the reactivity effects of out- 
ward fuel-rod bowing indicated the following 
components: (1) absorption of thermal neutrons 
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by the fuel rods causes adepression inthe ther- 
mal flux at the position of the fuel; as the rods 
move outward, the shadowing of each rod by 
adjacent rods becomes smaller, resulting in a 
rise in thermal flux and an increase in thermal 
utilization (a positive effect); (2) absorption of 
resonance neutrons also increases for the same 
reason, causing a decrease in the resonance 
escape probability (a negative effect); (3) out- 
ward movement of rods displaces sodium from 
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the outer annulus to the inner annulus, causing 
a reduction in the neutrons absorbed by sodium 
and an increase in thermal utilization (a posi- 
tive effect), The net change in reactivity from 
these causes was calculated to be about +24 
cents/Mw, which agreed reasonably with the 
experimental value of 18 cents/Mw for the ob- 
served positive component. Another source of 
reactivity increase was found to be due to hy- 
draulic bowing of elements caused by a differ- 
ential pressure between the inner flow annulus 
and the outer flow annulus (see Fig. VIII-1). 
This contribution was about 4 cents when going 
from zero flow to maximum flow. 


Direct experimental measurements of bowing 
effects were undertaken also in the Sodium 
Graphite Reactor Critical Assembly (SGRCA). 
Two methods, period measurements and trace 
analysis, indicated a loss in reactivity from 
outward bowing, in direct contradiction to other 
results, However, the absence of sodium in the 
SGRCA caused doubt as to the applicability of 
these results. As a consequence a bowing ex- 
periment was performed in the SRE using an 
experimental assembly as shown in Fig. VIII-2. 
This experiment was performed at essentially 
zero power (10 kw) and showed that outward 
bowing caused an increase in reactivity. 


On the basis of the experimental results, a 
program was undertaken to constrain the fuel 
rods by wrapping the clusters with stainless- 
steel wires.’ The configuration of the wire wrap 
is shown in Fig. VIII-3. Thirty-five irradiated 
fuel elements were wire wrapped in a hot cell, 
and twelve unirradiated fuel elements were also 
wire wrapped. Low-power physics measure- 
ments were performed at power levels to 3 Mw 
with 40 wire-wrapped fuel elements in the re- 
actor. The results indicated that the power co- 
efficient was reduced to —2.1 cents/Mw from 
+16 cents/Mw* before wire wrapping. This 
modification restored the stability of the reac- 
tor. The loss in reactivity due to wire wrapping 
was approximately 95 cents, of which 22 cents 





*The magnitudes of the power coefficients quoted 
here were furnished by private communication from 
Atomics International. They differ from those re- 
ported in Refs. 3 and 4 because they have been uni- 
formly normalized to a power level of 5 Mw(t) and 
a coolant flow rate of 1000 gal/min to facilitate 
comparisons. 
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was the poisoning effect of the stainless-steel 
wire. The geometry change effected by restrict- 
ing the fuel-rod bowing was responsible for the 
remainder of the loss, 73 cents. This was addi- 
tional proof that outward bowing caused the posi- 
tive power coefficient. 

The effects discussed above are also treated 
in a recent paper in Nuclear Science and Engi- 
neering.’ This paper gives particular attention 
to the experimental investigation of the reactor 
behavior. 


Symposium on Sodium 
Reactors 


The proceedings of the Symposium on Sodium 
Reactors Technology, held in Lincoln, Nebr., on 
May 24 and 25, 1961, has been issued.® In the 
field of thermal-neutron reactors, the sympo- 
sium covered the Hallam Nuclear Power Fa- 
cility, the SRE, and related developmental work. 
The review of SRE operating experience has 
been summarized in Nucleonics.' The remainder 
of the papers treat fast-reactor projects. The 
Experimental Breeder Reactors I and II, in- 
cluding the Mark IV core for EBR-I (plutonium 
alloyed with 1.25% aluminum), are discussed. 
Related to these projects are discussions of 
fast-neutron critical experiments and discus- 
sions of the status of the fuel-cycle work in- 
volving pyrometallurgical reprocessing at Ar- 
gonne National Laboratory. Status reports on 
the Enrico Fermi Atomic Power Plant, the Los 
Alamos Molten Plutonium Reactor Experiment 
No. 1, and the General Electric work on fast- 
oxide reactors are given, with related reports 
on research and development. The French fast- 
reactor project, Rapsodie, is also reviewed. 
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Current Status 
By EDWARD A. MASON* 


(Editor’s Note: This review of the status of 
organic -cooled nuclear-reactor technology was 
presented as an invited paper at the 1962 annual 
meeting of the American Nuclear Society 
[Trans. Am. Nucl. Soc., 5(1/: 101-103 (June 
1962)]. Itis reproduced here because it will 
serve as a point of departure for future reviews 
in Power Reactor Technology of the work in 
this rapidly developing area. It should also 
serve to draw into perspective the occasional 
past reviews of organic-cooled technology in 
this journal. In this connection, the editors 
have, with the author’s consent, added a num- 
ber of references to previous papers, many of 
which have been reviewed in past issues of 
Power Reactor Technology.) 





*Edward A. Mason is an associate professor in the 
Department of Nuclear Engineering at the Massachu- 
setts Institute of Technology (MIT). He received the 
B.S. degree (1945) from the University of Rochester 
and the S.M. (1948) and Sc.D. (1950) degrees from 
MIT. He served as an assistant professor of chemi- 
cal engineering at MIT (1950-1953) and as director 
of research for Ionics, Incorporated (1954-1957) 
before taking his present position in 1958. He has 
worked on the analysis and design of nuclear reac- 
tors for Brookhaven National Laboratory, Oak Ridge 
National Laboratory, and General Atomic Division of 
General Dynamics Corporation. His principal re- 
search interests are in the effects of radiation on ma- 
terials, solvent extraction, and fuel-cycle analysis. 
He is supervisor of an AEC in-pile loop project at 
MIT, which is studying the effects of radiation and 
heat on organic coolants for nuclear reactors. He is 
a member of the American Nuclear Society, Ameri- 
can Chemical Society, American Institute of Chemical 
Engineers, American Rocket Society, Sigma Xi, Phi 
Beta Kappa, and Tau Beta Pi. 
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The use of hydrocarbon liquids in nuclear re- 
actors was originally considered during the 
Manhattan Project of World War II; however, 
it was only after enriched uranium became 
available as a reactor fuel and sufficient in- 
formation concerning the radiation stability of 
a variety of organic fluids was acquired that 
development work began in earnest (about 
1953). The technology is developing rapidly.’ * 


Although hydrocarbon fluids can be used as 
both moderators and coolants in nuclear reac- 
tors, the coolant properties of these fluids 
provide the unique aspects of organic reactors. 
Except for somewhat larger values of neutron 
age and thermal-diffusion length, the basic re- 
actor physics of organic-moderated reactors 
closely resembles, and has drawn extensively 
from, that for water-moderated reactors. The 
advantages that arise from the use of organic 
coolants are principally due to their low vapor 
pressures, which permit operation at tempera- 
tures of about 700°F with system pressures of 
100 to 200 psi, low corrosion rates with most 
common materials of construction, and low 
coolant activation. These properties favor the 
achievement of low capital and maintenance 
costs for organic reactors. On the other hand, 
the organic coolants have relatively poor heat- 
transfer properties, and they suffer from de- 
composition induced by radiation and high 
temperatures, 


Table IX-1 presents for comparison a list of 
some of the physical and engineering proper- 
ties of water and the organic coolant used in 
the Organic-Moderated Reactor Experiment 
(OMRE). The differences in viscosity, thermal 
conductivity, and specific heat are all signifi- 
cant, and they contribute to the lower heat- 
transfer coefficients of organic coolants rela- 
tive to water. Additional data on physical 
properties have been published.‘ 
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Table IX-1 PHYSICAL AND THERMAL PROPERTIES 
OF OMRE COOLANT AND WATER 





OMRE coolant!’ Water 





Composition Diphenyl-terphenyl H,O 
isomer mixture 
Operating temperature on 


which the properties 


listed below are based 500 580 
Vapor pressure, psi 5.3 1330 
Melting point, °F ~200 32 
Thermal conductivity, 

Btu/(hr)(sq ft)(°F/ft) 0.069 0.31 
Specific heat, Btu/(lb)(°F) 0.53 1.41 
Viscosity, centipoises 0.46 0.091 
Density, g/cm® 0.89 0.70 


Typical coefficient of 
heat transfer in reactor, 
Btu/(hr)(sq ft)(°F) 1000 8000 





Efforts to develop organic-cooled reactors 
in the United States have centered around the 
use of the organic fluids as the moderator as 
well as the coolant. Such reactors have many 
of the characteristics of pressurized-water 
reactors. Table IX-2 lists the various reac- 
tors of this type for which definite commit- 
ments have been made. The first, and as yet 
the only operating, organic-cooled reactor is 
the OMRE. Atomics International (AI) has been 
responsible for most of the organic-reactor 
design and development work in the United 
States. The Piqua reactor,® ‘* also designed 
and built by AI, should achieve criticality dur- 
ing January 1963 and should operate in the 
power range in April 1963. The Experimental 
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Organic-Cooled Reactor (EOCR) will serve as 
a test reactor for the U. S. organic-reactor 
program.'*~'® It should achieve criticality in 
April 1963. Two in-pile loops are now being 
constructed: one for fuel-element tests and the 
other for coolant-technology studies. 


In addition to the three U. S. reactors that 
are either operating or are under construction, 
the Italian National Committee for Nuclear En- 
ergy (CNEN), which has an organic-reactor 
program, is planning the construction of the 
Organic-Reactor Program (PRO) organic- 
cooled and -moderated test reactor.'® In Ger- 
many, engineering design studies of two organic- 
moderated central-station power reactors and 
one organic-moderated maritime propulsion 
plant are being carried out. 


The other organic-cooled concept that has 
received considerable development employs 
heavy water as the moderator; both Canada and 
Euratoin have large programs for the develop- 
ment of this concept.!?~** This concept com- 
bines the features of operation with natural 
uranium with the higher temperatures and 
lower pressures of organic cooling. Relative 
to the D,O-cooled concept, the organic-cooled 
concept results in increased thermal efficiency, 
which reduces the design pressure of the pres- 
sure tubes and eliminates the necessity of cir- 
culating high-pressure D,O. Canada has recently 
authorized the construction of the Whiteshell 
Reactor No. 1 (WR-1) for its Organic-Cooled 
Deuterium Reactor (OCDR) program, and 
Euratom has decided to construct ESSOR 


Table IX-2 ORGANIC-COOLED REACTORS 








Startup 
Reactor Location Power date Purpose 
Organic-moderated and -cooled 
reactors: 
OMRE Idaho, USA 6.0 Mwit) 1957 Concept demonstration 
and experiment 
Piqua plant Ohio, USA 11 Mw(e) 1963 Small reactor prototype 
EOCR Idaho, USA 40 Mwi(t) 1963 Test reactor for USAEC’s 
organic-reactor program 
PRO Reactor Italy 30 Mwit) Test reactor for Italy’s 
organic-reactor program 
Organic-cooled heavy -water- 
moderated reactors: 
Whiteshell Reactor No. 1 
(WR-1) Manitoba, Canada 40 Mwit) 1965 Test reactor for Canadian 
OCDR program 
ESSOR Ispra, Italy 25 Mw(t) Test reactor for Euratom’s 


ORGEL program 














(ESSai ORgel), a test reactor, for its ORGEL 
(ORGanique-Eau Lourde) program (see Table 
IX-2). Euratom is now building ECO (Expéri- 
ence Critique Orgel), a critical experiment, 
for its ORGEL program. Spain’s Junta de 
Energia Nuclear is planning a 30-Mw(e) power 
and test reactor, the DON, which will be of this 
type. The Junta has recently signed a contract 
with AI for a Title 1 design of the reactor and 
for consulting services. 

E. I. du Pont de Nemours & Company, which 
has been investigating heavy-water-moderated 
reactors uSing natural-uranium fuel for the 
U. S. Atomic Energy Commission (USAEC), is 
evaluating the use of organic cooling in such 
reactors. Combustion Engineering has recently 
been awarded a contract by the USAEC for the 
conceptual design and economic evaluation of an 
organic-cooled heavy-water-moderated power 
reactor. This study, in conjunction with similar 
studies of cooling by pressurized D,O, boiling 
D,O, and CO,, which are being carried out by 
the General Nuclear Engineering Corporation 
for the East Central Nuclear Group, will be 
used to compare the four different coolants 
for application to the D,O-moderated reactor. 

In addition to these reactor projects which 
are under way, Great Britain and Denmark have 
also studied various aspects of the use of or- 
ganic coolants. 

Since organic-moderated reactors can draw 
upon the reactor-physics work associated with 
the water-reactor programs, studies of the 
physics of organic reactors have constituted 
a relatively minor effort compared to that 
carried out in the water-reactor programs 
themselves and compared to the other areas 
that have been studied in the organic-reactor 
program. As interest in the organic-cooled 
D,O-moderated reactor has grown, however, 
it has become apparent that the heterogeneous 
moderator structure of this reactor type pre- 
sents a difficult reactor-physics problem, the 
importance of which is accentuated by the de- 
sire to use natural uranium as fuel and by the 
existence of positive reactivity coefficients as- 
sociated with coolant temperature and coolant 
voiding. Most organizations considering this 
reactor type now have relatively strong reactor- 
physics programs, but the results have not yet 
reached the stage of publication in many cases. 
A number of papers pertaining to reactor phys- 
ics, most of which apply mainly to the organic- 
moderated concept, are listed as Refs. 25 to 37. 
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One of the major efforts in the organic- 
reactor program has been directed to the de- 
termination of the effects of radiation on the 
Organic materials at various temperatures. 
Aromatic hydrocarbons, particularly the poly- 
phenyls, have so far been found to be the most 
stable types of organic liquids. These hydro- 
carbons also have the other properties required 
by coolants. 

Table IX-3 shows the chemical structure of 
biphenyl and the three terphenylisomers, ortho, 
meta, and para. 

Although biphenyl appears to have slightly 
better radiation stability than the terphenyl 
isomers, its vapor pressure is appreciably 
greater. Consequently mixtures of terphenyl 
isomers are specified for organic-moderated 
and -cooled reactors in the United States and 
Italy and for the organic-cooled heavy-water- 
moderated reactors of Euratom, Canada, and 
Spain. Table IX-4 presents a listing of the com- 
position of three terphenyl reactor coolants. 

The main reaction induced by the irradiation 
of polyphenyls is that of polymerization to a 
variety of hydrocarbons having higher molecu- 
lar weights, densities, and viscosities, and 


Table IX-3 CHEMICAL STRUCTURE OF TERPHENYLS 
AND BIPHENYL 





Biphenyl 


Orthoterphenyl 


Metaterpheny] 


Paraterphenyl 
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Table IX-4 POLYPHENYL REACTOR COOLANTS 





Coolant 





Santowax OMP Santowax OM OM-2 





Reactor Piqua, EOCR WR-1 ESSOR 
Approximate cost, 

$/lb 0.17 0.40 
Isomer Weight percent in unirradiated coolant 
Ortho 12.5 60 15 
Meta 62.5 30 80 
Para 25 4 
Biphenyl <2 5-15 <l 





hence poorer heat-transfer properties, than the 
original materials. There is also some forma- 
tion of lower-molecular-weight species and of 
gases, largely hydrogen. The decomposition 
reactions are quite complex, largely irrevers- 
ible, and are not well understood at the present 
time. 

During the operation of organic-cooled reac- 
tors, a side stream of the coolant is subjected 
to vacuum distillation in order to separate the 
high-molecular-weight decomposition products, 
called high boilers, from the remaining coolant, 
which is recycled to the main primary coolant 
system. Fresh coolant is added as makeup for 
the high boilers removed. The high boilers are 
usually disposed of by burning after allowing 
any relatively short-lived radioactivity to de- 
cay. This makeup for high-boilers removal 
constitutes a significant cost factor for reac- 
tors cooled and moderated by organics;*® es- 
timates range from about 0.5 to nearly 1 mill/ 
kw-hr(e). In organic-cooled heavy-water-mod- 
erated reactors, the organic makeup cost is 
lower since a smaller fraction of the reactor 
radiation is absorbed in the organic coolant. 


Energy absorption from fast-neutron interac- 
tions has been found to cause more degradation 
of terphenyl coolants than does an equal amount 
of energy absorption from gamma interactions. 
The ratio of G values*’*”’ for terphenyl disap- 
pearance, G" (—)/G’ (—), has been found to be 
about 4 at 600°F. British data indicate that this 
ratio increases with increasing temperature”! 


The magnitude of this fast-neutron effect and 
the temperature dependence of the degradation 
effects of both fast neutrons and gamma rays 
are of considerable importance in estimating 
the organic makeup costs for organic-cooled 
reactors under design and construction. The 
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California Research Corporation is currently 
studying this fast-neutron effect under a wide 
variety of fast-neutron and gamma dose rates. 

In addition to radiolysis, the thermal- 
degradation rates of organic materials gen- 
erally increase with increasing temperature; 
with the polyphenyls the rates of thermal deg- 
radation do not become excessive until tem- 
peratures of about 460 to 490°C (860 to 914°F) 
are reached. At temperatures below about 
400°C (752°F), the effects of thermal and ra- 
diation damage appear to be additive. The 
British, on the basis of limited data, have 
found a very rapid increase in the radiation- 
degradation factor, G (—coolant), with increas- 
ing temperature,‘! which begins just above 
400°C and which appears to indicate a syner- 
gistic action of the radiolytic and thermal ef- 
fects at the higher temperatures, 

There is considerable interest in raising the 
maximum permissible coolant temperature in 
order to improve the thermal efficiency, as 
well as in reducing the cost of the organic re- 
quired to make up for the degraded material. 
Atomics International, Phillips Petroleum Com- 
pany, Monsanto Research Corporation, andCal- 
ifornia Research Corporation are examining a 
variety of organic fluids for thermal and radia- 
tion stability to determine their potential as 
low-cost alternatives to the polyphenyls. A 
number of petroleum-refinery and coal-tar 
fractions have been investigated. Although some 
of these materials are generally of lower unit 
cost than terphenyl coolants, none have been 
found which have sufficient stability to radia- 
tion and temperatures above about 650 to 700°F 
to indicate a lower makeup cost than terphenyls 
when used as a reactor coolant. The University 
of Utah has been carrying out theoretical studies 
of the thermal and radiation stability of various 
organic structures. These studies will aid in 
understanding the degradation processes that 
occur and will serve as a guide for the evalua- 
tion and selection of new coolant materials. 

Since the cost of replacing the degraded 
polyphenyl coolant adds about 0.5 to 1 mill/kw-hr 
to the cost of electric energy generated from 
organic-moderated nuclear reactors, several 
groups are studying processes for recovering 
or regenerating the high-molecular-weight (or 
high boiler) degradation products for reuse as 
coolant. Monsanto Research Corporation has 
developed a process involving solvent extrac- 
tion which removes the very high-molecular- 
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weight materials,‘? and studies of the use of 
high-vacuum distillation, hydrocracking, partial 
reduction, and redistribution are under way at 
Monsanto and Phillips Petroleum. Progress on 
organic-coolant reclamation has progressed to 
the point where pilot-plant operation appears 
to be the next logical step. Preliminary cost 
estimates have indicated that coolant can be 
reclaimed at a cost of $0.09to $0.12/lb of 
reclaimed material, compared to a cost of 
$0.17/lb for fresh Santowax OMP. Recently 
research on a new reclamation process in- 
volving the use of corona discharge has been 
initiated by the General Electric Company under 
AEC sponsorship. 

In organic-cooled heavy-water-moderated re- 
actors, there is a relatively smail fraction of 
organic material in the core. Much of the en- 
ergy of neutron and gamma radiation is ab- 
sorbed in the fuel and the moderator, with the 
result that the organic radiation degradation 
and makeup costs are less important than in 
organic-moderated reactors. Consequently 
thermal stability (for operation at high tem- 
peratures) and low melting point (for ease of 
Operation) are more decisive factors in the 
selection of the hydrocarbon fluids for heavy- 
water-moderated reactors than for organic- 
moderated reactors. A terphenyl mixture 
(Santowax OM) with very little of the high- 
melting paraterphenyl isomer has been speci- 
fied for the Canadian organic-cooled reactors, 
whereas a less expensive, but higher melting, 
mixture of all three terphenyl isomers (ortho, 
meta, and para) is generally specified for 
organic-moderated reactors (see Table IX-4), 

The possibility of the use of additives, which 
would increase the radiation stability of the 
coolant, is also being studied by AI, Phillips 
Petroleum Company, and Monsanto Research 
Corporation. To date the work has not shown 
very much promise of reducing the cost of 
organic degradation. The polyphenyls them- 
selves have high stability and are even used 
as liquid scintillators because of their ability 
to release absorbed energy as light. 

The heat-transfer properties of the poly- 
phenyls are poorer than those of water, prin- 
cipally because of the lower thermal conduc- 
tivity and because of the increase of viscosity 
due to the high-molecular-weight degradation 
products. Extensive studies of the forced- 
convection heat transfer of the polyphenyls have 
indicated that their heat-transfer coefficients 
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can be predicted using the conventional en- 
gineering correlations provided that the phys- 
ical properties of the irradiated coolant are 
known.'** In a program aimed at increasing 
the specific power of organic-cooled reactors, 
studies are under way at AI, Canadian General 
Electric, and Chalk River (AECL) on the be- 
havior of organic coolants under conditions of 
local and bulk boiling, both out-of-pile and in- 
pile.!®? Additional reports on the heat-transfer 
properties of organic coolants are listed as 
Refs. 44 to 46, 

The use of biphenyl as a reactor coolant in 
a direct-cycle reactor system has been pro- 
posed. The thermodynamic and physical prop- 
erties of biphenyl are being studied by Monsanto 
Research Corporation*’ and the University of 
California to assist in the design and evalua- 
tion of this concept as well as for use in the 
correlation of heat-transfer and burnout data 
under boiling conditions. 

One of the objectives of the OMRE was to 
determine if the thermal and radiolytic decom- 
position of the organic coolant resulted in the 
formation of any significant film on the heat- 
transfer surfaces which would seriously inter- 
fere with heat removal. Initial operation re- 
sulted in the formation of very thin films, which 
had a negligible effect on heat transfer. During 
the latter phases of core 1 operation, particu- 
late matter was trapped by the aluminum clad- 
ding at the inlet ends of two experimental fuel 
elements of a finned type, and the deposits 
were serious enough to cause termination of 
the tests.‘®~ °° During the operation of the sec- 
ond core, serious fouling of some of the fuel 
elements occurred,!%51 

The mechanism of fouling of fuel elements 
in organic-cooled reactors is not fully under- 
stood, and it is the subject of investigation by 
a large number of groups. It now appears that 
the film formation is related to the amount and 
type of particulate matter present in the cool- 
ant.>?.53 The OMRE films have been found to 
contain of the order of 25% inorganic matter 
(usually iron carbides or oxides). The coolant 
contains particulate matter that consists of an 
inorganic particle coated with organic polymeric 
material. Bench-scale pyrolytic testing of cool- 
ant from the OMRE has shown that the weight 
of film deposited during the test increases with 
increasing ash content of the coolant. Retesting 
of the batch of material showed decreases in 
both the ash and the amount of deposit formed 
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during the pyrolytic test. This indicates the re- 
moval of some of the film-forming constituents 
in the coolant. Reduction of the particulate con- 
tent of the organic coolants has been found to 
be effective in reducing film formation. These 
findings suggest that it may be possible to 
control fouling in organic reactors by maintain- 
ing a low concentration of particulate matter in 
the coolant. At the present time, adsorption of 
coolant impurities by passage of the coolant 
through columns of Attapulgus clay appears to 
be an effective means for maintaining a low 
level of particulate matter in the coolant.™ 
Equipment of this type has been installed® on 
the OMRE. 

As with other reactor concepts, the develop- 
ment of materials and designs for fuelelements 
capable of operating at elevated temperatures 
for high burnups is required for the successful 
economic development of organic-cooled reac- 
tors. In the past, comparative economic evalua- 
tions of nuclear reactors have indicated that 
organic-cooled and -moderated reactors have 
capital costs as low as, or lower than, other 
reactor types, but low fuel burnup has produced 
fuel-cycle costs higher than those estimated 
for other enriched-reactor types. Fuel elements 
utilizing uranium-molybdenum alloys and ura- 
nium dioxide are being developed in the United 
States, whereas Canada and Euratom are look- 
ing primarily to uranium dioxide and more 
recently to uranium carbide as the fuel mate- 
rial. Because of the poor heat-transfer prop- 
erties of the organic coolants, most reactor 
designs use extended-surface fuel elements and 
hence require a cladding of high thermal con- 
ductivity and low neutron absorption, with ade- 
quate strength at the highest temperatures at 
which the coolants themselves can operate. 
The cladding materials receiving most atten- 
tion are, for the metallic fuels, aluminum 
bonded to the uranium alloy, and, for the 
ceramic fuels, materials made of aluminum— 
aluminum oxide powder mixtures by powder 
metallurgy methods.°*°’ In-pile tests of these 
materials and of beryllium and zirconium have 
been conducted.™ The low burnups predicted 
for uranium—3.5% molybdenum fuel alloy and 
the relatively poor neutron economy of the 
uranium—10% molybdenum alloy appear to favor 
the use of UO,, in spite of its low thermal 
conductivity, or the use of uranium carbide. 
References 58 and 59 are devoted to discus- 
sions of fuels for OMR reactors. 
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Comparative economic projections made un- 
der USAEC ground rules indicate that organic- 
cooled and -moderated reactors have the po- 
tential to compete favorably with fossil plants 
in the United States in the future, provided, 
mainly, that the fuel-cycle costs can be re- 
duced by extending fuel life and that the pre- 
vention of fouling does not become an expensive 
item. The Canadians, who are enthusiastic 
about heavy-water-moderated reactors fueled 
with natural uranium as economic sources of 
power, have estimated that the use or organic 
cooling in such reactors, in place of heavy- 
water cooling, resulted in savings® of about 
0.5 mill/kw-hr. Operation of the OMRE, Piqua, 
EOCR, WR-1, ESSOR, and PRO reactors will, 
in the next few years, provide additional much- 
needed information concerning the operation of 
organic-cooled reactors. 


Recent Work 


The subject of energy deposition in organic 
coolants was reviewed in the June 1962 issue of 
Power Reactor Technology, Vol. 5, No. 3, page 
52, and continues to receive study. References 
60 and 61 are recent additions to the literature 
on the subject. 
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Reference 60 is an AI report dealing with 
analytical methods of calculating the energy 
absorption rates in OMR coolants as applied 
to the OMRE and the Piqua Nuclear Power 
Facility (PNPF). The author intended, however, 
to present the results in a general form that 
could be applied to energy absorption calcula- 
tions for future OMR type reactors. Accord- 
ingly, the report is subdivided into parts. Each 
part treats separately the calculations of the 
energy absorbed from neutrons, gammas, and 
beta particles. A version of MUFT-4 was used 
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to treat the slowing-down of neutrons by elastic 
and inelastic scattering, whereas a code called 
GRACE II was used to calculate gamma-energy 
absorption. The latter code handles spherical 
or cylindrical sources with varying distribu- 
tions. These distributions represent the buildup 
factors by the use of double exponentials. 


The results of the calculations are illustrated 
in Figs. IX-1 to IX-4. Pertinent data on the 
OMRE and PNPF cores are shown in Table 
IX-5, Table IX-6 illustrates the application of 
the data to neutron-energy deposition in the two 
reactors, and Table IX-7 summarizes the re- 
sults and compares them with previous esti- 
mates. The calculations by Jones, which were 
reviewed in the June 1962 issue of Power Re- 
actor Technology, Vol. 5, No. 3, are discussed 
briefly in Ref. 60, but, on the basis of the in- 
formation available, the author is not able to 
identify the reason for the discrepancy (Table 
IX-7). 


The benefit accruing to PNPF from the use 
of slightly enriched (rather than fully enriched) 
fuel is evident in Tables IX-6 and IX-7. The 
inelastic scattering in U’*® accounts for a 
substantial reduction of the neutron energy in 
the PNPF, and the high gamma absorption by 
the uranium is also beneficial. The PNPF also 
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Table IX-5 DESCRIPTION OF OMRE AND PNPF CORES” 











OMRE PNPF 
Power level, Mwi(t) 6.0 45.5 
Core geometry: 
Radius, cm 35.9 74.0 
Height, cm 9.0 137.0 
Fuel: 
Type Plate Concentric 
cylinders 
Material 25 wt.% UOQ,— U-—3.5 wt.% Mo 
75 wt.% S.S. 
Thickness, mils 20 208 
Cladding: 
Type Flat Finned 
Material Stainless steel Aluminum 
Thickness, mils 5 35 
Core density, g/cm* 1.54 4,24 
Weight fractions: 
Coolant 0.539 0.149 
Stainless steel 0.406 0.018 
Aluminum 0.076 
UO, 0.055 
Uranium — Molybdenum 0.757 
Atom density, 
atoms/cm*(x107*): 
Hydrogen 0.0299 0.0231 
Carbon 0.0391 0.0302 
Oxygen 0.00038 
Aluminum 0.00723 
Iron 0.00673 0.00085 
Molybdenum 0.000661 
uw 0.000177 0.000143 
y238 0.000013 0.00724 





benefits from the lower energy leakage from 
the core (since most of the leakage energy is 
absorbed in the organic in the reflector); this 
improvement is due mainly to the larger core 
size. 


Reference 61 is one of a series of Atomic 
Energy Research Establishment reports on the 
radiation and thermal stability of organic 
moderator-coolant materials. Previous decom- 
position data for pile radiation®* were available 
only up to 27% high-boiler concentration. The 
latest experiments,"! however, were extended to 
absorbed doses that were higher by about afac- 
tor of 3, and they provide information on the 
decomposition up to 55 %high-boiler concentra- 
tion. The difference between the American and 
British calculations for the power absorbed by 
the coolant is also noted in Ref. 61, but the 
earlier figure of 7.85% is referenced as the 
U. S. value for the total power absorbed by 
the coolant (Table IX-7) since Ref. 60 pre- 


sumably was not available at the time. Figure 
IX-5 shows a comparison between neutron G 
values obtained from the calculations of Jones 
on OMRE data. The neutron G values were de- 
rived by assuming additivity of the effects of 
neutrons and gammas, and these values show 
the neutrons to be more damaging. 


Reference 61 also considers the shape of 
the dose-decomposition curves, and it is con- 
cluded that the second-order law, —dx/dt = kx?, 
where x is the fraction of the original material 
present, ¢ is the dose, and & is a constant, 
gives the best fit. Analyses of the high-boiler 
residue indicated conversion to products with 
high molecular weights, and it is postulated®! 
that these contain hydrogenated ring compounds. 


At the 1962 annual meeting of the American 
Nuclear Society (ANS), results of irradiations 
of Santowax OMP in the Massachusetts Institute 
of Technology Reactor were reported.*” As the 
irradiation progressed and the high-boiler con- 
centration built up, samples were analyzed by 


Table IX-6 FAST-NEUTRON ENERGY DEPOSITION 
IN THE OMRE AND PNPF REACTORS” 





Percentage of neutron energy 
assigned to process 














Process OMRE PNPF 
Elastic scatter- 
ing: 
Hydrogen 59.95 52.23 
Oxygen 0.12 
Carbon 14,92 12.80 
Iron 0.74 0.10 
Aluminum 1.85 
Molybdenum 0.10 
| aa 0.01 0.01 
uu 0.00 0.42 
Subtotal 75.74 67.51 
Inelastic scatter- 
ing: 
Iron 4,71 0.60 
Aluminum 2.28 
us 0.01 0.01 
Uae 0.03 18.39 
Subtotal 4.75 21.28 
Resonance absorp- 
tion and fast 
fission 0.01 5.61 
Core leakage 19.50 5.60 
Total 100.00 100.00 


Percent absorbed 
by coolant 92.4 69.5 
(4.56 Mev/fission) (3.43 Mev/fission) 
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gas chromatography to determine the concen- 
trations of the terphenyl isomers, and G values 
were determined for the individual isomers, 
The measurements indicated that the apparent 
differences in the degradation rates for the 
individual isomers were due, within the stand- 
ard deviation of the experimental data, to the 
differences in the concentrations of the iso- 
mers present in the mixture. It was concluded 
that, under the conditions of the experiments 
so far investigated, no significant differences 
had been observed in the radiation stability of 
the individual terphenyl isomers in the coolant 


Table IX-7 PERCENT OF TOTAL POWER ABSORBED 
BY COOLANT*®? 





60 





Keshishian,™ Jones, PI a 
OMRE OMRE OMRE PNPF 
Gamma energy: 
Inside core 5.69 2.60 3.77 0.98 
Outside core 1,25 2.27 0.24 
Neutron energy: 

Inside core 1.41 1.95 1.85 1.61 
Outside core 0.75 0.28 0.43 0.11 
Beta energy 0.50 0.72 Negli- 

gible 
Total 7.85 6.58 9.04 2.94 





*The total energy produced per fission was assumed to 
be 200 Mev. 





1.0 


oO 
© 


29200 
ara Oo NN @ 


Oo 
+ 





Coolant G Value 


345°C from 
Jones's Data 





°° Oo 
- NY WwW 
T 
| 











i) Gn Soe ae Cee ee) ee ee 
0 5 10 15 20 25 30 35 40 45 


Percentage HBR 


Fig. IX-5 Derived fast-neutron G values.” 
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Fig. IX-6 Results of Santowax OMP irradiation in 
MITR.*® The letters o, m, and p designate the ortho, 
meta, and para isomers of terphenyl. 


mixture and no Significant effect of the degrada- 
tion product buildup on the radiation stability 
of the isomers had been observed other than 
the dilution effect. These results are illustrated 
by Fig. IX-6.* The figure shows not only the 
normal G values for the isomers but also a 
quantity G*, which is the ratio of the G value 
to the weight fraction of the isomer in the 
mixture. It can be seen that within the stand- 
ard deviation G’ is the same for all isomers, 
and it does not change as the concentration of 
degradation product decreases. These results 
appear to shed important light on the radiation- 
damage process. 

Recent estimates of organic-coolant makeup 
rates by Atomics International for several 
organic-moderated concepts were also reported 
at the meeting.*® The estimates were based on 
OMRE measurements, in-pile capsule irradia- 
tions, electron irradiations, and alpha-particle 
irradiations. The results for the Piqua reactor, 
for a prototype organic-moderated power re- 
actor, and for two organic-moderated power 
reactors of larger sizes are given in Table 
IX-8. Both the decomposition rates and the 





*Figure IX-6 (Ref. 39) and Table IX-8 (Ref. 40) are 
reprinted here by permission from the American Nu- 
clear Society. 
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Table IX-8 OMR COOLANT MAKEUP RATE AND Costs“ 











POPR, PNPF, OR 
Reactor 51.3 Mw(e) 11.4 Mw(e) 150 Mw(e) 300 Mw(e) 

Average in-core 

temp., °F 672 547 597 653 
Decomposition rate, A* By A* Bt A* Bt A* Bt 

lb/hr at full power 250 171 40.9 49.7 520 517 1265 1024 
Coolant makeup cost, 

mills/kw(e)-hr 0.83 0.56 0.61 0.74 0.56 0.56 0.69 0.56 





*A: Using Gn values derived from in-pile irradiations. 
*B: Using Gn values derived from alpha-particle irradiations. 


coolant makeup costs (in mills per kilowatt 
hour) are given. 

Another interesting report’? at the ANS meet- 
ing covered Canadian tests on materials for 
core components of organic-cooled D,O-mod- 
erated reactors. On the basis of short tests, 
rather encouraging results were reported for 
Zircaloy. Recent irradiation tests of Zircaloy 
in contact with organic coolants in the Ca- 
nadian National Research Experimental Reactor 
showed almost no hydrogen pickup after 24 days 
at 250°C. Aluminum-coated Zircaloy samples 
showed comparable results after 43 days of ir- 
radiation at temperatures up to 370°C. The 
possibilities of zirconium alloys are being 
evaluated both for pressure tubes and for fuel 
jackets. 
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The Dragon Reactor 


The High-Temperature Gas-Cooled Reactor 
(HTGCR) or Dragon Reactor Experiment’~® as 
it is more commonly called is now wellalong in 
construction at the United Kingdom Atomic En- 
ergy Authority’s installation at Winfrith, Dor- 
set, England. The reactor pressure vessel was 
lifted into the reactor building on Mar. 1, 1962, 
and the plant is expected to go into operation 
late in 1963. Most of the basic features of the 
reactor design have not changed substantially 
from those reported earlier,*~® but the recent 
annual report on the project! describes the 
progress made in proving out these features, 
describes the status of the design and construc- 
tion of the plant, and gives details in some of 
the more important areas, 

The Dragon Reactor Experiment and its as- 
sociated extensive research and development 
program are a joint undertaking of the European 
Nuclear Energy Agency (ENEA) of the Organi- 
zation for Economic Cooperation and Develop- 
ment (OECD), which superseded the Organi- 
zation for European Economic Cooperation 
(OEEC). The international character of the ef- 
fort is demonstrated by the research and de- 
velopment work that is being performed for this 
project at various installations throughout the 
member nations and by the 40 to 50 members 
of the Dragon project staff at Winfrith who are 
not United Kingdom personnel but who are on 
loan from member countries. 

The Dragon Reactor Experiment is a 20-Mw 
high-temperature gas-cooled reactor. The core 
is composed of fuel-moderator elements in 
which graphite is used as the moderator, the 
structural material, the fuel diluent, and the 
fuel jacket. The fuel is a mixture of enriched 
uranium and thorium with graphite. The coolant 
gas is helium, and a bleed flow of helium gas is 
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arranged to purge fission products from each 
fuel element. The nominal pressure of the he- 
lium coolant gas is 20 atm. The gas enters the 
reactor at 350°C and leaves at 750°C. 


Dragon is the same type as the Peach Bottom 
reactor (HTGR) which is under construction in 
the United States and which was discussed inthe 
June 1962 issue of Power Reactor Technology, 
Vol, 5, No. 3, pages 61 to 65. Special provisions 
have been made for the interchange of informa- 
tion and collaboration between these two proj- 
ects. Table X-1 shows that the two plants have 
many Similarities. The Dragon reactor is re- 
garded as an experiment, and its power will be 
dumped to the atmosphere, whereas the con- 
siderably larger Peach Bottom reactor is part 
of a prototype electric-power-generating plant. 

The general layout of the Dragon-reactor 
plant is shown in Fig. X-1.* One of the more 
unusual features of this plant, the double con- 
tainment, is shown in this figure. An inner steel 
shell encloses the reactor and essentially all 
equipment that is, or may become, radioactive 
during normal operation. It was originally 
planned to fill this inner containment volume 
with nitrogen gas, primarily to preclude the 
possibility of generating explosive gas mixtures 
by the reaction of air and water with the hot 
carbon in the reactor core in the event ofa 
rupture in the primary coolant loop. It was re- 
cently decided that the care which is being 
taken to ensure the integrity of the primary 
circuit will make it reasonable to fill this space 
with air instead of nitrogen, although the design 
allows for the use of either gas. Air will make 
the manual operations that are occasionally re- 
quired within the containment volume, such as 





*Figure X-1 is reprinted here by permission from 
Nuclear Engineering. * 
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those involved with refueling, much easier to 
perform. 

The inner steel shell is surrounded by an 
outer containment building of sealed concrete. 
This building contains most of the normally 
nonradioactive components of the plant, some 
of which are control equipment. Operating per- 
sonnel may enter this outer containment build- 


Table X-1 
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both containment vessels and carries the heat 
to a finned-tube forced-draft air-cooler bank 
where it is finally dumped to the atmosphere. 
An emergency tertiary loop is also provided. 
Reactor shutdown heat can be dissipated by 
natural circulation in the primary, secondary, 
and emergency tertiary loops in case of power 





failure. 


COMPARISON OF DRAGON REACTOR EXPERIMENT 
WITH PEACH BOTTOM HTGR PLANT 








Plant characteristic Dragon Peach Bottom 
Reactor thermal power, Mw 20 115 
Net electric power, Mw None 40 
Coolant gas Helium Helium 
Pressure, psia 300 350 
Inlet temp., °F 662 (350°C) 660 
Outlet temp., °F 1382 (750°C) 1380 
Fuel Uranium-thorium Uranium-thorium 
Atom ratio et 1:8to1:10 
Maximum temp., °F 3100 3150 
Fuel cladding Graphite Graphite 
Moderator Graphite Graphite 
Construction started April 1960 February 1962 
Estimated criticality date Late 1963 1964 (at earliest) 





ing during normal plant operation. The main 
control room and other auxiliary equipment and 
services are located in several conventional 
buildings around the containment structure. 
Heat is removed from the reactor by six 
parallel primary coolant loops. Each coolant 
loop contains a primary heat exchanger anda 
gas circulator. The circulator is flanged di- 
rectly to the heat exchanger, and the exchanger 
is close-connected to the reactor vessel by 
coaxial piping (Fig. X-1). In a typical loop the 
helium coolant gas flows from the circulator to 
the reactor vessel through the outer annulus of 
the coaxial piping, and it enters the reactor 
vessel at 350°C (662°F). It is baffled to flow 
first along the wall of the pressure vessel, and 
it then passes upward through the reactor core, 
where it is heated to a mixed-mean outlet tem- 
perature of 750°C (1382°F). From the reactor 
vessel it flows through the center pipe of the 
coaxial loop piping into the shell side of the 
heat exchanger. Water, under forced circula- 
tion, is boiled in the tubes of the primary ex- 
changer. Six secondary heat exchangers are 
provided where the heat from the intermediate 
water circuit is transferred to a single tertiary 
pressurized water loop. This loop penetrates 


The characteristic and essential feature of 
the Dragon Reactor Experiment is its fuel ele- 
ment, which might more properly be called a 
fuel-moderator element. The fuel-element as- 
semblies consist of clusters of seven hexagonal 
graphite tubes. These tubes are loaded with 
graphite fuel boxes that contain annular fuel in- 
serts and supporting graphite spines. The fuel 
inserts are prepared from a homogeneous mix- 
ture of enriched uranium, thorium, and graphite 
powders. The details of the fuel-element as- 
sembly are still being developed,!»’ but Fig. 
X-2 shows one of the latest designs. This figure 
shows that metal components are located only 
at the ends of the fuel element. When the 37 
elements are assembled, as shown in Figs. X-3 
and X-4, an all-ceramic core approximately 
3 ft 6 in. indiameter by 5ft 3 in, high is formed. 
The only moderator in the core is the graphite 
in the fuel elements. The helium-coolant-gas 
flow is up through the fuel-element assemblies, 
over the surfaces of the graphite cladding tubes, 
and within the Y-shaped passages formed by 
the spacer ridges on the graphite tubes. 

It is currently planned to use a two-zone 
core in the reactor. The 37 fuel-element as- 
semblies will be divided between a central zone, 
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which will undergo a higher burnup, and an 
outer zone, which will be changed more often. 
The outer zone will serve partly as a driver 
region for the central elements. 
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Fig. X-2 Dragon-reactor fuel element. (Adapted 
from Ref. 3 and modified by data from Ref. 1.) 
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The Dragon research and development pro- 
gram has developed two types of fuel inserts: 
(1) fission-product releasing and (2) fission- 
product retaining. Fission-product-retaining in- 
serts are obtained by applying a pyrolytic 
carbon-graphite coating on the spherical parti- 
cles of uranium and thorium dicarbides before 
they are compacted into the annular inserts. 
The fission-product-releasing fuel inserts re- 
quire that the graphite fuel boxes be sealed and 
that their permeability be sufficiently low to 
delay the escape of fission products. No firm 
decision has yet been made as to which type of 
fuel will be used for the first fuel load. 

Reactor control is provided by 24 absorber 
elements consisting of coaxial stainless-steel 
tubes packed with boron carbide. These are 
located vertically around the circumference of 
the core, moving in holes in the graphite re- 
flector, as shown in Fig. X-4. The control- 
rod electric-motor drives are located radially 
around the reactor, as shown in Fig. X-1. These 
motors drive radial shafts that raise and lower 
the rods by cables. The motors and mechanisms 
are all within the helium-coolant-gas atmos- 
phere, but at reduced temperatures, thereby 
eliminating the need for shaft seals. 

A small amount of helium coolant gas enters 
the top of each fuel rod through the orifice 
screw (shown in Fig. X-2). This fission-product 
purge gas flows down through the inside of the 
fuel rods and over the graphite fuel boxes con- 
taining the fuel inserts. Before leaving the fuel 
rod the purge flow passes through an activated- 
charcoal trap located at the bottom, lower- 
temperature end of each fuel rod, as shown in 
Fig, X-2. This charcoal trap will delay some of 
the fission products and thus permit further 
decay before they are carried out of the fuel 
rods by the purge stream. The purge flow exits 
from the fuel rods through the fuel-element 
mounting spikes (shown in Fig, X-3), Each of 
these mounting-spike assemblies incorporates 
an instrumented orifice that restricts helium 
purge flow to a satisfactorily low amount and 
detects any variation from normal purge flow. 
Each spike assembly also contains a cyclone 
separator that will separate particles from the 
purge flow to prevent blockage of the restricting 
orifice. These spike assemblies can be changed 
by the fuel-changing machine when necessary. 
From the spike assemblies the purge flow is 
manifolded and passed to a precooler in the 
bottom of the reactor vessel, where a consid- 
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Fig. X-3 Assembly of fuel elements to form the 
Dragon-reactor core. (Adapted from Ref. 4). 


erable fraction of the fission products will con- 
dense out. The flow then passes to the main 
fission-product-delay beds. These are water- 
cooled charcoal-filled traps that will delay the 
remaining fission products long enough for a 
large fraction of their activity and heat genera- 
tion to decay. The purge-gas flow coming out 
of these main fission-product-delay beds is 
then passed to a helium-purification system. 
Here the impurities are separated from the he- 
lium purge gas before it is returned to the pri- 
mary coolant system. The separated gaseous 
impurities are ultimately disposed of by being 
passed up the plant stack with diluting air. 


The problem of handling fission products, 
which involves the design and performance of 
the fuel elements as well as the coolant- 
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purification system, is the central one in reac- 
tors of the Dragon type. Some aspects of the 
purification system were discussed briefly ina 
previous issue of Power Reactor Technology, 
Vol. 5, No. 4, and the purification system and 
related helium systems are described in Ref. 1. 
A British report’ released in November 1961 
describes the exploration of techniques for the 
fabrication of the fuel elements and the testing 
of fuel-element components made by those 
techniques. It also describes the procedure for 
fuel-element assembly. Another report® is a 
review of the existing information on the trans- 
port and diffusion of fission products in graph- 
ite, directed toward those processes which may 
be important in the Dragon reactor. The subject 
is complex and has many areas of quantitative 
uncertainty. It seems probable that reactor- 
Operating experience will make possible the 
first reliable assessment of the problem of 
fission-product management and will present 
the most favorable opportunity for improvement 
of the technology. 

Fuel handling in the Dragon Reactor Experi- 
ment is accomplished only after the reactor 
has been shut down and cooled off. The fuel- 
grappling machinery is permanently located 
within the upper, bell-shaped portion of the re- 
actor pressure vessel, shown in Fig. X-1. A 
fuel element is discharged by (1) lifting it into 
this charge-machine chamber, (2) passing it 
into the gas lock of the transfer flask, (3) pass- 
ing it into a canning cell where it is enclosed in 
a sealed container, and (4) lowering it down the 
discharge chute into the spent-fuel storage 
turntable. All these operations are performed 
remotely from the charge-machine control 
room in the outer, concrete containment build- 
ing with the assistance of television and optical 
viewing systems. 

There are a number of engineering and me- 
chanical problems associated with plants of the 
Dragon type. In terms of component develop- 
ment, the problem of the coolant-gas circula- 
tors is probably one of the more critical. How- 
ever low, the fission-product contamination in 
the primary coolant circuit demands that a high 
standard of leaktightness be maintained. This 
requirement resulted in the specification of 
gas-bearing gas circulators. There is practi- 
cally no operating experience with this type of 
equipment in the required size range. The de- 
velopment and fabrication of gas-bearing cir- 
culators for the primary coolant loop and of 
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Fig. X-4 Cross section of the Dragon-reactor core. 
(Adapted from Ref, 2.) 


smaller gas-bearing circulators used in the 
fission-product purge-gas system was subcon- 
tracted to Société Rateau, France. Work is re- 
ported to be proceeding satisfactorily on the 
testing of a full-scale prototype circulator unit 
in helium under operating conditions. 


The declared purpose of the Dragon project 
is to investigate and resolve the problems that 
are involved in the development of high- 
temperature gas-cooled reactors for power or 
propulsion purposes. Significant steps toward 
achieving this objective are: (1) the process of 
designing and building the 20-Mw reactor ex- 
periment and (2) the research and development 
work that is being performed in order to arrive 
at the design. The overall program may be ex- 
pected to go on to include operational experi- 
ments on components and materials. The origi- 
nal international agreement that set up the 
Dragon project was signed on Mar. 23, 1959, 
and provided for a five-year period. The vari- 
ous aspects of an extension to this agreement 
are already under active investigation. Pre- 
liminary studies of large power reactors [1000 
Mwi(t)| of the HTGCR type are already being 
performed under the project, and it has been 
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reported’ that ithe Dragon project will be ex- 
tended to include designing a large power re- 
actor. 


Gas-Circulating Machinery 


Reference 10 presents the findings of a sur- 
vey, made by the Franklin Institute and com- 
pleted in June 1961, on the requirements and 
availability of bearings and seals for use in 
primary loop components of gas-cooled nuclear- 
reactor power plants. The conclusion that re- 
sulted from this survey was that there were 
few, if any, off-the-shelf components to satisfy 
the specifications of reactor systems then under 
development and that there were none to satisfy 
the more extreme conditions of the proposed 
future generation of advanced gas-cooled- 
reactor plants, The survey was therefore re- 
stricted to the discussion of seal and bearing 
designs that were, at the time, unproved for the 
service intended. The equipment used in the 
Calder Hall gas-cooled-reactor plants and in 
the French G2 and G3 plants is not mentioned 
in the survey. 

On Apr. 2, 3, and 4, 1962, a meeting was held 
at Oak Ridge National Laboratory (ORNL) to 
discuss progress in the development of rotating 
machinery for gas-cooled reactors. The meet- 
ing was cosponsored by the U. S. Atomic En- 
ergy Commission and ORNL, This was the sec- 
ond meeting of its kind, and it appears that 
such meetings may become regular events. The 
proceedings of the first meeting! were reviewed 
in the December 1961 issue of Power Reactor 
Technology, Vol. 5, No. 1, pages 82 and 83. 

Reference 12 contains the complete proceed- 
ings of the second meeting. The equipment cov- 
ered in the papers presented by the participants 
again included main blowers, shaft seals, gas 
turbines, gas-bearing compressors, and other 
types of special compressors for reactor and 
other applications. The meeting included French 
representatives from the Société Rateau, but no 
contributors reported on actual operating ex- 
perience of rotating machinery in the French 
or British gas-cooled-reactor applications. The 
Société Rateau is developing and fabricating the 
gas-bearing circulators for the OECD Dragon 
reactor project, as discussed above. 

An examination of the papers presented at 
the meeting shows that valuable data and ex- 
perience are being accumulated in the United 
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States on rotating equipment, bearings, and 
seals intended for reactor-plant applications, 
but only while these components are operating 
on test stands and in experimental loops. Thus 
it appears that equipment to meet the design 
requirements for the intended applications is 
being developed, It will, however, still be some 
time before any amount of operating experience 
is accumulated in the United States in an actual 
reactor-plant application, 

The first-to-be-completed U. S. gas-cooled- 
reactor plant that will include rotating equip- 
ment as a primary component is likely to be 
the ML-1 (Mobile Low-Power Plant No. 1), 
which is being developed by Aerojet-General 
Corporation for the U. S. Army. (This reactor 
was reviewed in the September 1959 issue of 
Power Reactor Technology, Vol. 2, No. 4, pages 
79 to 82.) This is anitrogen-cooled light-water- 
moderated reactor plant that uses a closed- 
cycle gas-turbine system to generate 330 to 
500 kw(e). Initial full-power operation of this 
plant was scheduled for late 1962. This startup 
date has resulted'® from a delay of about a year 
primarily because of problems with the gas 
turbine-compressor set. Apparently more than 
another year is required for the completion 
of construction and the start of operating- 
experience accumulation at any of the larger 
U. S. gas-cooled-reactor plants (EGCR, HTGR, 
and MGCR) which include gas-circulating equip- 
ment as a primary component, 
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Power Reactor Technology 





References 1 to 6 give the results of an AEC- 
sponsored design analysis by Combustion Engi- 
neering, Inc., of advanced concepts for pres- 
surized-water ship-propulsion reactors. The 
work extends that previously reported’ by the 
application of later information from operating 
reactors and from various AEC-sponsored re- 
search and development programs. 

The common characterizing features of the 
several designs analyzed in the later study are 
(1) the self-pressurization of the reactor and 
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Ship-Propulsion Studies 


(2) the superheating of the secondary steam by 
the primary coolant water. As shown in Fig. 
XI-1, the entire primary coolant flow passes 
first through the superheater and then through 
the steamgenerator. For the design represented 
in the figure, the self-pressurized reactor 
operates at 2100 psi, and secondary steam is 
produced at a temperature of 605°F and 600 
psi. Although nucleate boiling occurs in the 
reactor and the reactor is self-pressurized by 
a steam dome in the top of the reactor vessel, 


Superheated Steam 



















































































































































— 600 psig - 600°F Feedwater 
(— 412°F 
TF Saturated f, = ool 
Steam 
f Primary 
1 
Super heater poy 
ms Leg Steam 
Bil Pressure Generator 
] Control aa 
Valve 
CWT 4x108 were | | 
4 
* 643°F 1 
u 6 41°F La i ) 
UU 
a ae, N 


























6O0I°F 





en 


Z 





Fig. XI-1 


Self-pressurized reactor system flow diagram (maximum core power and 2100 psi). 
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there is no significant transport of heat as 
latent heat in the primary coolant system. The 


Vol. 6, No. 1 


mary circuit. The reduction in valve require- 
ments and the use of a single primary loop are 


considered to have substantial economic bene- 
fits. 

Aside from the unusual steam system, the 
plant is characterized by a rather compact 
reactor core. In the core, radial power flatten- 
ing is obtained by three different radial zones 


primary coolant occupies the shell side of the 
superheater, whereas the secondary steam is 
superheated in the tubes. The system is so 
designed that, in case of troubles in the steam- 
generator system, the secondary feedwater can 
be admitted directly to the tube side of the 


Table XI-1 CHARACTERISTICS OF ADVANCED PWR CONCEPT FOR SHIP PROPULSION? 





Reactor: 
Fuel-element type 
Pellet diameter 
Jacket dimensions 
Fuel assemblies (stationary) 


UO, pellets in free-standing stainless-steel jackets 

0.514 in. 

0.594 in. outside diameter by 0.037 in. thick 

Hexagonal, containing 61 rods on 0.845-in. triangular pitch 
Fuel assemblies (control-rod followers) Hexagonal, containing 58 rods on 0.783-in. triangular pitch 
Number of fuel assemblies 49 stationary, 12 on control rods 

Total fuel rods in core 3685 

Control rods 12, hexagonal, flux-trap type 


Active core length 60 in. 
Equivalent core diameter 55 in. 
Heat flux, Btu/(hr)(sq ft): 
Average 108,000 
Maximum 301,000 
Fuel enrichment, wt.% U2*: 
Inner zone 3.2 
Intermediate zone 3.9 
Outer zone 5.5 


14,000 Mwd/metric ton of uranium 
6.58 ft in inside diameter by 23.4 ft high 
2500 psig 


Average fuel exposure 

Reactor-vessel dimensions 

Reactor-vessel design pressure 
Plant: 

Steam generator, type 

Steam generator, dimensions 

Primary circulating pumps 


1, shell and vertical U tube 

6.83-ft maximum outside diameter by 18.6 ft high 

2, each 5800 gal/min, vertical, single-stage, turbine driven 
with limited leakage seals 

Cross compound 

600 psig, 605°F (111°F superheat) 

1.5 in. Hg absolute 


Main turbine 
Steam conditions 
Exhaust pressure 





SHP, normal 27,300 
SHP, maximum 30,000 
Net efficiency, normal power 28.2% 


Containment vessel 


Steel, 34 ft in diameter by 50 ft high 





superheater, which will then operate as a once- 
through saturated-steam generator of lower 
capacity. Likewise, if there are troubles in 
the superheater, saturated steam from the 
steam generator can be used directly in the 
turbine for return to port, It is thus expected 
that a system with a single primary loop, 
served by two parallel circulation pumps, will 
provide in effect the same duplication of capa- 
bility as is ordinarily obtained with complete 
duplication of the coolant loops. Since the 
primary flow is through the superheater and 
steam generator in series, isolating valves are 
not required for these components in the pri- 


of fuel enrichment and control is provided by 
12 “flux trap” type rods with fuel-assembly 
followers. The fuel assemblies and control 
rods are hexagonal in cross section. 

The heat balance for the plant is shown in 
Fig. XI-2, and some of the more important 
plant characteristics are tabulated in Table 
XI-1. For a comparison with current design 
practice, reference may be made to the de- 
scription of the N.S. Savannah plant in Sec. VI 
of this issue. 

In addition to the plant described above, the 
study considered a similar plant designed for 
a primary operating pressure of 1300 psi. A 



































































































































































































































3 *wUeISeIp oOURTeq-1e9y JUvTd-sdUNINF< Z- ‘SIs 
4 sug gOIx SE YH 4440M4844Ng . . aes ne eee 
4u/Q1 OS2 ‘ua WwoaIs dd“ qi/"4g Adjoujug Hy 
Aop/i06 OO0'S poo 404040dDAq s{UDjOOD 40j908ye—— do eanjosedwa; 4 
My O16 pDO7 ‘uad- aulquny Bul] 48;0M --— -- oisd @4NSSaid qd 
dy 00¢ 22 4amodassoy 4404S a ae On Mol # 
aie a we a, 
: jOo0gI | 
i dwng Me ae { 
;  puod + oat | ce Gc he — urie | 
' any (1) ony b= #022 __ 8l2 7 d gil! 
. ‘ weal Zz 
| ayeel satel | ae ® b 
| 4996! ty . © ‘oot —— f woic'2 
1 l ' : dwng : ; 
6H zit -- °° Puody | i 404010d003 
' po) UID i 43|005 umMopmo|g 
| xny ' | ulo4q | 
; i ie ORS aa ee ee eee | 13}098H | £ 
| ' 1 | abois pag | 
4 $10}019Ua5 4 | | 
auigany, 2 J ' ! al 6 J | i ! { ooo! 
| ' ' ; I "i | R 
! igee i! Pd2zl HSE II 
' ' 40j040dDAQ ol up 6BE | | #000€ 
| dn-ayow ey Oe) ' usod|4 : I ; 
; —+| 6H cS" ; e6n1S 2 ie 
Ole | puog st" - er ‘ or 
—s| uIOW 901 r aa l\UZL6% 
= -5 pOeS v1 | -_— | ~OOO'S 
y auiquny "4049013 j preg | 
1 d7 . av | Ja,0aysed | vs AW YO ie 
42|005 ulDug 1 | tii gee 7 oa | $asso7 
8 ALH Uypomsayyng ! OL o 1 ! jowuay ys 
‘ I ———— 
HS'98ll tH, mye -. T~000'000'b 
dl2 fi ha i 
ding Hv'eSII a 
Oo9¢ , 
yysomszaying ° ug6zz | 
H8G2el — 2 
dl2 4J0y0400aS MW2'6L | 
ainysio 
| 4S!IOW MAW 22 
ALV9} s0jo0ay 
wnnee uae dood BS 
Buiddiays #0 “ Wyn Caw ae 
06109 S ax 
H6'60II HOS8i! = 
H8'9be dOzE # O€B'SZ 
AJObS Se a es 
= euiquny We Oeue #OL6 | Be ay 
494,0ay ‘M4 an # 2 : 
~sednesg (oe dH 2049013 HesOzI H9'e8z! 
< #018 OL #0| #Ol€Ol dSv9 
‘ 4009 Sasso} 4v03s 
wed | zOve2l  408G‘8S2 #OL86 Wg Oge! ¥OSL 62 



























84 POWER REACTOR TECHNOLOGY Vol. 6, No. 1 


more advanced approach, where the super- 
heater is built into the reactor vessel itself 
(in the steam dome), was also examined. An 


alternate core design, which wasofthe “spiked” 


type, was examined.° 

Considerable attention was given to achieving 
simplicity of plant control, and a part of the 
study was directed toward the conceptual de- 
velopment of a design requiring minimum oper- 
ating attention. The basic design approach is 
thought to favor this objective because of the 
reactor system’s inherent load-following and 
self-regulating characteristics, which allow it 
to absorb most and perhaps all normal ma- 
neuvering transients without control-rod mo- 
tion, After the steam flow is reducedby closing 
the turbine throttle, for example, the steam 
pressure at the superheater exit begins to 
rise. However, at this point apressure-sensing 
device actuates a throttling valve between the 
steam generator and the superheater (Fig. 
XI-1), Thus at reduced load the steam pres- 
sure at the turbine throttle does not rise as is 
common in pressurized-water-reactor plants, 
even though the pressure is permitted to rise 
in the steam generator, The rising pressure 
in the steam generator and the concurrent rise 
in boiling temperature reduce the amount of 
steam produced. The temperature of the pri- 
mary water returning to the core rises, and 
the core power falls because of a strong nega- 
tive temperature coefficient of reactivity. Thus 
the plant is expected to take advantage of the 
inherent self-control and load-following char- 
acteristics of the pressurized-water reactor 


without making any special demands on the 
steam turbine. Reference 3 reports transient 
calculations that have been made to check the 
expected dynamic behavior of the plant. 
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